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Introduction


The chemistry of metal hydroxides has been an important
area in chemical research in view of the variety of functions
an -OH group on a metal or non-metal can perform. Irre-


spective of the position of an element in the periodic table,
either s-, p-, d-, or f-block, almost all of them form stable
hydroxides. With the exception of lithium and beryllium hy-
droxide, all s-block metal hydroxides are ionic, at least in
aqueous medium, and act as bases. On the other hand, the
hydroxides of p-block elements have predominately cova-
lent element±oxygen bonds and fairly polarized oxygen±hy-
drogen bonds; hence they act as good Br˘nsted acids. Well-
known examples of p-block terminal hydroxides are those
of non-metals; these include boric acid, silanols, and various
types of acids of tin, phosphorus, and sulfur. The transition
metal hydroxides, as expected, are in between in terms of
the covalency and the Br˘nsted acidity and their acidity
often depends on the oxidation of the metal ion. The com-
parison of the pKa values of various oxo and hydroxo acids
of transition metals, both across a period and down a group
in the periodic table, has been a subject of detailed investi-
gations.[1]


The purpose of this Concept article is not to dwell much
on the above well-established facts on simple homoleptic
hydroxides (e.g., Be(OH)2, Al(OH)3, B(OH)3, etc.), but to
describe some of the very recent developments in the
chemistry of molecular organoelement hydroxides and relat-
ed thiols and selenols (the -SH and -SeH compounds), espe-
cially those of p-block elements. The two or three classes of
well-studied examples of organoelement hydroxides include,
1) the arylboronic acids RB(OH)2 used in Suzuki coupling,[2]
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Abstract: Metal hydroxides represent a very interesting
and highly useful class of compounds that have been
known to chemists for a very long time. While alkali
and alkaline earth metal hydroxides (s-block) are com-
monplace chemicals in terms of their abundance and
their use in a chemical laboratory as bases, the interest
in Br˘nsted acidic molecular terminal hydroxides of p-
block elements, such as aluminum and silicon, has been
of recent origin, with respect to the variety of applica-
tions these compounds can offer both in materials sci-
ence and catalysis. Moreover, these systems are environ-
mentally friendly, relative to the metal halides, owing to
their -OH functionality (resembling that of water).
Design and conceptualization of the corresponding ter-
minal thiols, selenols, and tellurols (M�SH, M�SeH,
and M�TeH) offer even more challenging problems to
synthetic inorganic chemists. This concept summarizes
some of the recent strategies developed to stabilize
these otherwise very unstable species. The successful
preparation of a number of silicon trihydroxides a few
years back resulted in the generation of several model
compounds for metal±silicates. The recent synthesis of
unusual aluminum compounds such as RAl(OH)2,
RAl(SH)2, and RAl(SeH)2 with terminal EH (E=O,
Se, or Se) groups is likely to change the ways in which
some of the well-known catalytic conversions are being
carried out. The need for very flexible and innovative
synthetic strategies to achieve these unusual compounds
is emphasized in this concept.


Keywords: aluminum ¥ hydroxides ¥ ligand effects ¥
main group elements ¥ selenols ¥ thiols
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2) the tin acids [RSn(O)(OH)]x
[3] used in cluster building re-


actions, and 3) the alkyl and aryl phosphonic acids
[RP(O)(OH)2] used in metal phosphonate chemistry.[4] Al-
though these examples seem to somewhat represent the
characteristics of Group 13, 14, and 15 elements, the actual
picture is not quite the same. For example, while the aryl-
boronic acids have been known and used for a very long
time, examples for aluminum analogues have not been re-
ported until very recently. Even more surprising is the ab-
sence of a structurally characterized terminal organoalumi-
num hydroxide. Similarly, no Group 14 element other than
tin forms a carboxylic acid RE(O)(OH) analogue, although
the first molecular structure of a organotin acid and its asso-
ciation behavior were reported only last year.


The idea of kinetic stabilization and the ability to fine
tune the associated electronic properties by placing carefully
chosen and tailored R groups on metal or elements has,
however, led to a variety of new discoveries in main group
chemistry.[5] Needless to say, some of these discoveries have
been associated with the synthesis of exceptionally stable
terminal organoelement hydroxides of silicon, tin, and alu-
minum. In addition to the use of the right choice of R
groups on the element, it is also equally important to choose
the correct synthetic strategies and optimize the reaction
conditions in order to achieve these ambitious targets. The
sections to follow, discuss the aspects which allowed the iso-
lation of stable aluminum dihydroxide,[6] dithiol,[7] and dise-
lenol[8] molecules along with some developments in the
chemistry of organosilicon trihydroxides. An important com-
monality in all the molecules described below is the pres-
ence of terminal -OH, -SH, or -EH groups with protons that
are fairly acidic in nature.


Kinetically Stabilized Organosilicon Trihydroxides


While it is standard undergraduate text-book knowledge
that an organic compound of carbon cannot bear more than
one terminal -OH group (exception of anion stabilized
[C(OH)3][AsF6]


[9]), it was already well-established by 1950s
that it is possible to stabilize two terminal -OH groups on
silicon, in spite of the fact that the hydrolysis of Me2SiCl2 re-
sults in a siloxane polymer and not in dimethylsilanediol
(Me2Si(OH)2) or dimethylsilaketone (Me2Si=O) when suit-
able organic groups are appended to silicon.[10a] The use of
moderately bulky substituents on silicon allowed isolation of
a number of diorganosilanediols[10b] and a few diorganoger-
maniumdiols[10c,d] in the last decade.


The idea of stabilizing many -OH groups on the same sili-
con atom gained significance with the realization that these
molecules would prove to be good starting materials for the


rational synthesis of metallosiloxanes and synthetic zeolites.
Although a few silanetriols, RSi(OH)3, were characterized
in the 1970s,[11] it was only in the early 1990s that a number
of new synthetic strategies were developed to stabilize com-
pounds containing more than two -OH groups attached to
silicon.[12] It was shown that a very careful hydrolysis of tBu-
SiCl3 in dry diethyl ether with stoichiometric quantities of
water and three equivalents of PhNH2 leads to the forma-
tion of the trihydroxide tBuSi(OH)3 (1) (Scheme 1).[12] This
reaction is very sensitive to the reaction conditions as well


as the reagents used. While the use of an organic medium
and a primary aromatic amine as hydrogen chloride accep-
tor leads to the isolation of the desired product, the hydroly-
sis carried out in an aqueous medium in the presence of
NaOH led to the formation of the primary condensation
product, [{tBuSi(OH)2}2O] (2).[13] Although the moderately
bulky tert-butyl substituent and the strict reaction conditions
employed made it possible to isolate 1, the instability of the
final product, especially as solution in most organic solvents,
prompted the synthesis of more stable silicon trihydrox-
ides.[14,15] The use of (2,6-iPr2C6H3)(SiMe3)N- substituent on
silicon afforded the most commonly applied of all silicon tri-
hydroxides known to date (Scheme 2).


This silicon trihydroxide, (2,6-iPr2C6H3)(SiMe3)NSi(OH)3
(3), which can be synthesized in multigram quantities
(~50 g), is a unique material that is stable in air for extend-
ed periods of time (at least for 3 years!). It is lipophilic and
is soluble in a variety of organic solvents ranging from
hexane to tetrahydrofuran. To impart the observed excep-
tional stability and solubility of 3, it was not only necessary
to introduce very bulky substituents on silicon bearing three
hydroxide groups, but also to choose the right fourth linkage
on this silicon. In particular, the presence of a nitrogen sub-
stituent rather than a carbon substituent proved to be the
best choice, because of the extra stability rendered to the
Si�N bond by the Npp!Sidp bonding or Nlp!Si�O s* nega-
tive hyperconjugative interactions. While the bulky 2,6-diiso-
propylphenyl group no doubt provided the kinetic imped-
ance to any possible Si�OH condensation reactions, the role
played by the SiMe3 group in stabilizing the trihydroxide
molecule is also crucial. For example, repeated efforts to
synthesize an analogue of 3 with substituents other than
-SiMe3 group on nitrogen did not yield desired results.


Scheme 1. Hydrolysis of tBuSiCl3 under two different conditions.


Scheme 2. The synthesis of a versatile silicon trihydroxide.
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Compound 3 serves as a versatile and very useful starting
material for the synthesis of molecular metallosiloxanes
with cage and extended structures. Since its synthesis in
1994, more than a hundred metallosiloxanes incorporating
this compound have appeared in the literature, highlighting
the use of these compounds as models for metal-embedded
silica surfaces and single-source precursors for new catalytic
materials.[16±22] A few interesting heterosiloxanes derived
from compound 3 and other organosilicon trihydroxides are
shown here.


The successful preparation of exceptionally stable and
soluble organosilicon trihydroxides has thus led to the devel-
opment of an exciting new chemistry. While several new
polyhedral metallosiloxanes have already been character-
ized, clearly there are several opportunities for further
work, especially in the area of synthesizing framework struc-
tures and making new catalysts. In spite of the time that has
passed since the synthesis of these compounds appeared in
the literature, exploration of its chemistry has been confined
to a few research groups. It is our hope that this concept
would arouse renewed interest in the area of organosilicon
trihydroxides.


The Case of Aluminum


The interest in organoaluminum hydroxide chemistry is due
to the fact that alumoxanes are of paramount importance as
cocatalysts for the polymerization of a wide range of organic
monomers.[23] Compounds of the general formula [RAlO]n
or [R2AlOAlR2]n can be regarded as intermediates in the
hydrolysis of aluminum compounds to aluminum hydroxide,
which are prepared by the controlled reaction of aluminum
compounds with water or other reactive oxygen-containing
species.[24] In the course of numerous investigations of the
controlled hydrolysis of aluminum organyls, some alumox-
anes with bridged or capped OH groups have been isolated
and structurally characterized.[25] Although the organic or
organically-modified terminal aluminum hydroxides are
very rare[26] (to our knowledge no structurally characterized
terminal organoaluminum hydroxide exists), the hydrolysis
of trimesitylaluminum was accomplished in a controlled re-
action involving THF as a coordinating solvent.[25]


Similar to alumoxanes, organoaluminum chalcogenides (S,
Se, and Te) have also attracted great attention in recent
years as important precursors in chemical vapor deposition
(CVD) and catalysis. One of the well-known precursors for
the synthesis of aluminum chalcogenides (other than
[Cp*AlI]4 used for the synthesis of [Cp*AlE]4


[5i]) has been
the use of aluminum hydrides. In fact, aluminum hydrides
form aluminum sulfides with S8, H2S, or S(SiMe3)2, which
are either dimeric, tetrameric, or hexameric in the solid
state in which sulfur acts as a terminal or bridging ligand.[26]


Likewise, compounds of the type RAlH2 are also useful pre-
cursors for other organoaluminum chalcogenides [RAlE]2
(E=S, Se or Te).[27] The conversion of RAlH2 to RAlE in
these cases should have proceeded via intermediates
RAl(H)(EH) and RAl(EH)2. These intermediates were not
isolated, probably due to their very low kinetic stability by
the concomitant elimination of H2E.


It should be noted that there are no reports on organoalu-
minum compounds with Al�SH or Al�SeH bonds. A few
known examples of structurally characterized complexes
with two -SH ligands are those of transition metals (Pd, Pt,
Ru, Rh, Re, Cr, Fe, Ni, Ti, and Zr).[7] Similarly, the examples
that contain terminal or bridging -SeH ligands are again
those of transition metals, such as Ti, Ta, Cr, Mn, Re, Fe,
Co, Ir, and Pt; however, none of these compounds have
been characterized by single-crystal X-ray diffraction stud-
ies.[8] In the main group, only germanium has been reported
to yield the stable (cy)3GeSH derivative,[28] while gallium
forms the dimeric [tBu2Ga(m-SH)]2.


[29]


In spite of the initial failure in synthesizing terminal thiols
or selenols of aluminum starting from the dihydrides,[26] this
route still had the best potential of yielding stable dithiols
and diselenols. The only question that remained to be re-
solved was the choice of the organic ligand on aluminum.
Systematic studies, by changing both the steric and electron-
ic demands provided by the organic ligand R, have finally
made it closer to convert the dihydrides RAlH2 into
RAl(EH)2 avoiding any further complicated condensation
reactions with the use of a b-diketiminate ligand.[30] The
strategies and experimental conditions employed to isolate
the stable dithiol and the diselenol derivatives are described
vide infra.


An Aluminum Compound with Two Terminal
-SeH Groups


The exploration for the stabilization of aluminum com-
pounds that contain terminal chalcogen ligands actually
began with the discovery of the aluminum hydride 4 and the
diselenol 5, and not the dihydroxide, which one would have
expected to be the most stable. Compound 5 was by far the
most straightforward and easiest to synthesize among the
three aluminum compounds described herein. Reaction of
b-diketimine N(Ar)C(Me)CHC(Me)NH(Ar) (Ar=2,6-diiso-
propylphenyl) with AlH3¥NMe3 at room temperature in
hexane leads to the isolation of the dihydride RAlH2 [4 ;
R=N(Ar)C(Me)CHC(Me)N(Ar)] (Scheme 3).[8] The het-
erogeneous reaction between 4 and two equivalents of ele-
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mental selenium in toluene at room temperature proceeded
very smoothly to yield the diselenol RAl(SeH)2 (5) in about
58% yield. It is important to note that even when only one
equivalent of selenium powder is used in the reaction, com-
pound 5 was the only isolated selenium-containing product.
This reaction clearly proved the ability of the uni-negative
bidentate chelating b-diketiminate ligand to stabilize 5 and
impede any further condensation reactions. Quite expected-
ly, compound 5 is stable in solid-state, but undergoes con-
densation reaction in solution (hexane or THF) over pro-
longed periods to eliminate H2Se and yield the primary con-
densation product [R(SeH)Al-Se-Al(SeH)R] (6)
(Scheme 3). Compound 6, however, is best isolated in about
46% yield directly by carrying out the above original reac-
tion at 60 8C.


While the proton of the -SeH group in 5 shows a single
resonance at �2.82 ppm in its 1H NMR spectrum, a weak in-
frared absorption for the Se�H group is observed at
2318 cm�1. The X-ray structures of both 5 and 6, determined
from their single crystals, clearly show them to be well-sepa-
rated monomers in the solid state excluding the presence of
any intermolecular hydrogen bonds. The structure analysis
further points to the fact that the Se�H bonds are labile (it
is difficult to locate and successfully refine the hydrogen
atoms), thus providing direct evidence that the tendency to
form hydrogen bonds in 5 (and 6) is much lower than for
the lighter congeners (S and O). Further, the acidity of the
Se�H protons should make these two compounds as useful
synthons for the preparation of bimetallic systems contain-
ing Al-Se-M linkages.


Organoaluminum Dithiol, RAl(SH)2


The successful isolation of the diselenol 5 suggested the pos-
sibility of realizing the corresponding dithiol by using a simi-
lar ligand environment around the central aluminum atom.
However, in this case the reaction was not as simple as was
expected. For example, when RAlH2 was treated with ele-
mental sulfur, a mixture of several products was observed in
the reaction mixture. However, a small amount of


[RAl(SH)2] (7) formed after a reaction time of 72 h at ambi-
ent temperature. Addition of a small amount of P(NMe2)3
significantly increased the reaction rate. After 5 h, the reac-
tion was complete and it was possible to increase the yield
of isolated 7 to 90% (Scheme 4).[7] Dithiol 7, unlike disele-


nol 5, does not undergo a self-condensation reaction and is
exceptionally thermally stable. No changes have been ob-
served even after heating the sample at 80 8C for 3 h. This
observation demonstrates the steric and electronic stabiliz-
ing properties of the bulky diketiminato ligand. The IR
spectrum exhibited a weak band at 2549 cm�1 that is signifi-
cantly lower than the value for H2S (2615 cm�1).[7]


The role of P(NMe2)3 in the synthesis of 7 has been inves-
tigated by 1H and 31P NMR spectroscopy. From the
1H NMR kinetics it is evident that the reaction proceeds via
an unstable reactive intermediate [LAl(H)SH]. The
31P NMR spectrum showed that the phosphane added in the
reaction is immediately oxidized to SP(NMe2)3 (dP=


82.4 ppm), indicating its role as a catalyst in the reaction.
This hypothesis was independently confirmed by carrying
out another experiment directly with SP(NMe2)3 as a cata-
lyst. However, no reaction between 4 and SP(NMe2)3 occur-
red when the components are used in a molar ratio of 1:2
without adding additional sulfur. It appears that SP(NMe2)3
reacts in the first step by a [2+1] cycloaddition with sulfur
to form the reactive intermediate (S2)P(NMe2)3. Formation
of such a species is also favored from theoretical calcula-
tions for SPH3 at RHF/3±21G* level, for which E is
�183.0 kJmol�1 for the reaction of SPH3 and S to
(S2)PH3.


[31] It is most likely that (S2)P(NMe2)3 forms a com-
plex with 4 by opening the S�S bond and, consequently, in-
serts into one of the Al�H bonds to yield [LAl(H)�S�
P(SH)(NMe2)3] as an intermediate. In the latter step, an um-
polung of the hydridic to the protonic form of the hydrogen
atom takes place (oxidation). Finally, a proton transfer
occurs from one sulfur atom to another, and thus the cata-
lyst is regenerated (Scheme 5).


Compound 7 is isostructural with the Se analogue.[8]


Taking the difference in covalent radii (0.14 ä) into account,
the Al�S bonds (2.223 and 2.217 ä) are comparable with
the Al�Se bonds (2.331 and 2.340 ä). The S�H bond
(1.2 ä) falls in the range (0.99±1.40 ä) of those for terminal
S�H groups in other metal complexes.


The synthesis of 7 with P(NMe2)3 clearly demonstrates
that it is no longer necessary to use H2S to carry out sulfur
insertion reactions. Apart from the fact that the use of
SP(NMe2)3 + S8 system for sulfur insertion reaction is an
important outcome in the synthesis of dithiol 7, the latent


Scheme 3. Synthesis of aluminum dihydride 4 and diselenols 5 and 6.


Scheme 4. Synthesis of aluminum dithiol 7.
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acidic nature of the SH protons promises to be an interest-
ing prospect of developing this chemistry further for the
preparation of new aluminum±sulfide clusters. Some pre-
liminary results already available suggest that it is possible
to lithiate the sulfur centers in 7 and subsequently react the
lithiated species with other organometallic halides to gener-
ate new mixed-metal organometallic systems.


The First Organoaluminum Dihydroxide,
RAl(OH)2


The story of stabilizing the first organoaluminum dihydrox-
ide turned out to be more adventurous than the synthesis of
diselenol and dithiol described above. Strategies similar to
those used for the synthesis of 5 and 7 proved to be ineffec-
tive, and the direct use of water or molecular oxygen yielded
product mixtures that are often difficult to purify and crys-
tallize. However, the recent demonstration that the liquid
ammonia/toluene two-phase system[32] is highly effective for
the hydrolysis and ammonolysis of transition-metal com-
pounds such as [{Zr(EtMe4C5)}6(m6-O)(m3-O)8]¥C7H8,
[{Zr(EtMe4C5)}6(m6-O)(m3-O)8]¥C9H12, and [{Zr(Me5C5)}6(m4-
O)(m-O)4(m-OH)8]¥2C7H8 suggested that it is possible to
adopt this methodology for the preparation of the first orga-
noaluminum dihydroxide.


Organoaluminum diiodide [RAlI2] proved to be a better
starting material for the synthesis of 8 than the dihydride
[RAlH2], which was used in the synthesis of the above de-
scribed dithiol 7 and diselenol 5. Accordingly, the treatment
of [RAlI2] with KOH (water content 10±15%; 1.3 equiva-
lents of pure KOH) and KH (0.7 equivalents) in liquid am-
monia and toluene at �78 8C results in the complete remov-
al of iodide and the formation of the aluminum dihydroxide
[RAl(OH)2] (8) (Scheme 6).[6a] A proposed mechanism for
the formation of 8 outlined in Scheme 7 shows that the


rapid initial reactions are the coordination of water and the
formation of NH4I. This mechanism is based on the well-
documented fact that the hydrolysis of alkylaluminum com-
pounds generates aluminum±water adducts [R3Al¥OH2]. A
similar mechanism has also been reported for the ammono-
lysis of aluminum triiodide in the presence of K or KNH2 in
liquid ammonia, which results in the formation of aluminum
amides.[33] The Lewis acidity of the aluminum-containing in-
termediates in Scheme 7 is considerably decreased, because
of the presence of coordinatively saturated aluminum cen-
ters in proximity with the donor ammonia molecules. Conse-
quently, they undergo facile hydrolysis without decomposi-
tion to form the Br˘nsted acidic, aluminum hydroxide 8 in
liquid ammonia. In addition, the reaction occurring prefer-
entially at the interface of the two-phase system (ammonia/
toluene) also enjoys the advantage of the increased solubili-
ty of the organic and inorganic components in the two dif-
ferent phases. Thus, while the NH3/toluene biphasic system
appears to be absolutely essential for the clean formation of
2, the presence of the bulky R-group on the aluminum
center serves to stabilize the formed dihydroxide complex.


The IR spectrum of the filtrate of original reaction mix-
ture and the THF solution of 8 exhibit two broad absorp-
tions (3434 and 3496 cm�1), while one sharp (3703 cm�1) and
one broad (3438 cm�1) absorption are observed for the solu-
tion of 8 in toluene. This indicates that the monomeric spe-
cies exists both in the original filtrate and in THF solution.
In contrast, the species in toluene is a hydrogen-bonded
dimer of 8. The molecular structure of the compound deter-
mined by single-crystal X-ray diffraction studies show that
the molecule of 8 is dimeric (Figure 1).


The proximity of the Lewis acidic AlIII is expected to
render the protons of 8 to be more Br˘nsted acidic. The IR
spectrum of 8 in Nujol exhibits a sharp band (3727 cm�1) for
the free OH groups and a broad band (3450 cm�1) for the
coordinated (hydrogen-bonded) OH groups; this is also in
agreement with the structure observed in the solid-state.


Scheme 5. Suggested mechanism for the formation of aluminum dithiol 7.


Scheme 6. Synthesis of aluminum dihydroxide 8. Figure 1. Dimeric structure of aluminum dihydroxide 8 in the solid state
(Ar=2,6-iPr2C6H3).


Scheme 7. Mechanism of formation of 8.
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The absorption of the free OH groups is higher than those
found in other aluminum-based Br˘nsted acids such as
SAPO-34 (3625 cm�1)[34] and Chabazite (3603 cm�1).[35]


Hence, the molecular dihydroxide 8 can be termed as a
strong Br˘nsted acid. As a final note to the chemistry of 8,
it is worth mentioning that this compound represents an un-
precedented congener of the widely explored alkyl/arylbo-
ronic acid derivatives RB(OH)2 and that this compound will
find new and unusual applications in view of its high Br˘n-
sted acidity. It would be really interesting to see new devel-
opments in olefin polymerization catalysis with the discov-
ery of 8.


Perspectives


It is convenient to conclude this article by summarizing the
strategies used for the realization of three unusual and
unique molecules, namely, RAl(OH)2, RAl(SH)2, and
RAl(SeH)2. As it has been demonstrated above, although in
all the three cases the organic group (b-diketiminate) used
on the aluminum remained the same, it was necessary to
employ a different synthetic methodology in each case. The
selenol was by far the easiest to synthesize and could be
achieved by simple stirring at room temperature with ele-
mental selenium. In the case of the synthesis of the corre-
sponding thiol, it was necessary to use a catalyst (P(NMe2)3)
to drive the reaction cleanly towards product formation.
The use of dihydride as the source of dihydroxide did not
produce any desired result and, hence, the organoaluminum
diiodide was used as the alternative starting material. The
conversion of Al�I linkages to Al�OH linkages further re-
quired a biphasic synthesis strategy involving toluene and
liquid ammonia, and the use of KH and KOH along with
water as the reactants. A comparison of some of the proper-
ties of these three compounds is summarized in Table 1.


Before closing this article, it is probably useful to ask a
few questions and eventually look for the answers in the
future. One of them could be: will there be a silicon ana-
logue of a carboxylic acid, RSi(O)(OH), in an unassociated
form? There could be many more such quests. Let us hope
that these questions may even become irrelevant in a very
short time from now as the search goes on for the unstables
and improbables in main group. After all, the main group
has sprung more surprises than any other branch of inorgan-
ic chemistry!
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High Oxidation State Organometallic Chemistry in Aqueous Media:
New Opportunities for Catalysis and Electrocatalysis


Rinaldo Poli*[a]


Introduction


The hydrolytic sensitivity of the metal±carbon bond has
been a major drawback of organometallic chemistry, forcing
the pioneers of this area to develop inert atmosphere techni-
ques and special equipment (e.g., Schlenk tubes) for han-
dling their compounds. This chemistry has consequently
been developed, for the most part, in anhydrous organic sol-
vents and has undoubtedly provided the greatest benefit to
society through its application to homogeneous catalytic
processes. However, the current social and political pres-
sures require us to pay more attention to the environmental
impact of chemistry (the concepts of green chemistry and
sustainable development) and to develop benign processes
that meet stringent environmental criteria. Therefore, the
use of water or aqueous media has attracted renewed atten-
tion from the organometallic and homogeneous catalysis
communities.[1,2] Besides the evident economical and envi-


ronmental issues (it is a readily available, inexpensive, and
nontoxic liquid), water also presents other attractive fea-
tures, such as a higher heat exchange efficiency and the
easier separation and recycling of water-soluble transition-
metal catalysts.
A major trend of organometallic and homogenous cataly-


sis research in aqueous media involves the adaptation of cat-
alysts that have already been found efficient in organic sol-
vents by making them hydrosoluble. This can be easily ach-
ieved by the decoration of the outer coordination sphere
with substituents that either ionise in water (sulfonates, car-
boxylates, phosphonates, ammonium, etc.) or establish
strong hydrogen-bonding interactions in an aqueous
medium (e.g. OH, NH2, etc.).


[3,4] If the pre-catalyst and all
intermediates in the catalytic cycle are hydrolytically stable,
the catalytic process will work also in an aqueous medium.
All knowledge of chemistry and mechanisms previously ac-
quired from work in anhydrous solvents can generally be ex-
trapolated to aqueous conditions. In several cases, however,
organometallic complexes that bear an electric charge (i.e. ,
ionic complexes) are water soluble without the need to use
modified hydrophilic ligands. Furthermore, water may act
itself as a ligand, as shown by a growing number of organo-
metallic aqua complexes.[5] Catalytic processes operated by
these aqua complexes are known, for instance aquarutheni-
um(ii) species catalyze the hydrocarboxylation of ethylene[6]


or olefin metathesis[7] in a fully aqueous solvent.
Most aqueous investigations carried out so far involve


low- to middle-valent transition-metal complexes. Organo-
metallic chemistry in the highest oxidation states has been
intensively developed in the last 20 years, but most of this
research work has been confined to nonaqueous media. The
greater metal electronegativity in the higher oxidation states
confers a greater degree of covalency to the resulting metal±
carbon bonds, which consequently may become quite resis-
tant to hydrolytic conditions. It is therefore surprising that
the physical behavior and chemical reactivity of high oxida-
tion state organometallics is not systematically investigated
in water, although aqueous reagents are sometimes used for
their syntheses. Indeed, high oxidation state complexes are
often stabilized by the highly p-donating and electronega-
tive oxo ligand (and also by the isoelectronic imido, sulfido,
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Abstract: Molybdenum has been used as a case study
for the rational development of a new domain of organ-
ometallic chemistry, combining oxo-stabilized high oxi-
dation state metals and aqueous media. The pH-de-
pendent conversion of oxo, hydroxo, and aqua ligands
allows the opening of free coordination sites, while the
use of a redox active metal opens possible pathways for
coupled proton and electron transfer to and from acti-
vated substrates. While our work has so far only concen-
trated on synthesis and analytical investigations, the de-
velopment of catalytic and electrocatalytic processes in
water or aqueous media is a promising application of
this new research area.
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etc.). An oxo ligand is nothing else than a doubly deproto-
nated water molecule (Scheme 1), and conventional wisdom
tells us that an increase of the metal oxidation state increas-
es the acidity of the oxygen-bound protons, stabilizing the
oxo form. Aqua complexes will be more favored, on the


other hand, in the lower oxidation states. Therefore, a
redox-active metal offers ways to activate an oxo ligand by
transformation to an aqua ligand (a useful source of an
open coordination site) upon reduction, or to transform a
water molecule into a potential oxygen transfer agent upon
oxidation.
The systematic investigation of high oxidation state or-


ganometallic complexes in water can therefore open new
perspectives for aqueous catalysis and, when a highly redox-
active metal is selected, also for electrocatalysis. For in-
stance, substrates that are capable of replacing water in the
coordination sphere may become susceptible to accept elec-
trons from the metal and protons from the medium, yielding
a hydrogenated product by use of proton and electrons (in-
stead of molecular hydrogen) and regenerating a higher oxi-
dation state oxo or hydroxo complex. Conversely, catalytic
oxidations may be achieved by using water as a source of
oxygen, by removing protons and electrons.
We have recently initiated a research project with the


long term goal of developing new catalytic and electrocata-
lytic aqueous chemistry with high oxidation state organome-
tallic complexes. The first stage of the project, however,
must be a fundamental understanding of the acid/base and
redox chemistry of our precursors and of their electrochemi-
cally related products in water. Because of our long-standing
interest in Group 6 metals, the subject of most of our first
studies has been compound [Mo2(Cp*)2O5], a compound
which is stable in both water and air.[8] A related anionic
oxo complex of Cp*MoVI, [Cp*MoO3]


� , had also been pre-
viously reported.[9±11] Although some aspects of the synthetic
procedures leading to these complexes involve water as a
solvent and/or as a reagent, these materials have not been
systematically investigated in water. No knowledge was
available on the stability of the Cp*�Mo bond toward hy-
drolysis, nor on the nature of the MoO3 moiety as a function
of pH, nor on the redox properties in water. Organometallic
oxomolybdenum compounds of
different nuclearity in oxidation
states lower than 6 have also
been previously investigated, for
example, [MoV(Cp*)OCl2] and
[MoIV(Cp)O(PMe3)2]


+ (mono-
nuclear),[12,13] [MoV2(Cp)2O4]
and [MoIV2(Cp*)2OCl4] (di-
nuclear),[14,15] and [Mo3(Cp*)3-
(m2-OH)n(m2-O)6�n]


2+ (n=4,5,6)[16]


and [MoIV3(Cp)3OCl7]
[17] (tri-


nuclear). These compounds, however, have also been mainly
investigated in organic solvents and their aqueous chemistry
remains largely unexplored.
Another known and interesting high oxidation state orga-


nomolybdenum species is [Mo6(Cp*)O18]
� , with all the Mo


centers in the oxidation state VI.[15,18] This can be viewed as
an organometallic analogue of the octahedral poly-
oxomolybdate species [Mo6O19]


2�.[19, 20] It is characterized by
one terminal Cp* and five terminal oxo ligands around an
oxo-centered octahedral Mo6O13 cluster. It forms as a by-
product during the oxidation of [{Mo(Cp*)(CO)2}2] in air
and from the condensation between [Mo(Cp*)O3]


� and
[Mo4O10(OMe)4Cl2]


2�. Once again, this compound has not
been investigated in water.


The Nature of Cp*MoVI Moiety in Water at
pH 0±14


Previous investigations had indicated that the Cp*�MoVI


bond resists hydrolytic splitting at least down to pH 4, since
[Mo2(Cp*)2O5] had been obtained in good yields by acidifi-
cation of an aqueous [Mo(Cp*)O3]


� solution with acetic
acid.[10,11] It would be interesting to establish the pH limits
of this hydrolytic stability. In addition, the mechanism of the
above transformation and the stability and physical proper-
ties of a putative dioxohydroxo intermediate remained the
matter of speculation. It would furthermore be interesting
to know whether other Cp*MoVI species could exist under
any given pH conditions.
A kinetic investigation by using stopped-flow mixing tech-


niques with UV-visible detection has provided much of the
missing information.[21] Since [Mo2(Cp*)2O5] is insoluble in
pure water, the study was conducted in a 80:20 (v/v) water/
methanol mixed solvent; however, the small amount of alco-
hol has no effect on the solution chemistry. Acidification of
[Mo(Cp*)O3]


� to pH<1 instantaneously and quantitatively
yields a new species, assigned to the mononuclear dioxohy-
droxo complex, which then rapidly and quantitatively (at
this pH) decomposes to another new species. A spectroscop-
ic analysis of the initial solution as a function of pH yields
the pKa of the hydroxo complex (3.65�0.02). The final
product at low pH, however, is not the expected
[Mo2(Cp*)2O5], but rather a mononuclear cationic complex,
[Mo(Cp*)O2(H2O)n]


+ with n=0 or 1. Subsequent kinetic
and thermodynamics studies under a variety of conditions
have allowed the determination of the complete speciation
of Cp*MoVI in this solvent, see Scheme 2.[21]


Scheme 1.


Scheme 2.
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These results have several important implications. First,
the existence, the thermodynamic stability, the pKa, and the
decomposition mechanism of the [Mo(Cp*)O2(OH)] species
are now established. Second, the species [Mo(Cp*)O2-
(H2O)n]


+ , whose existence was previously unsuspected,
turns out to be in fact the only stable form of Cp*MoVI in a
water-rich environment at low pH. Third, the molecular
[Mo2(Cp*)2O5] compound does not exist as such in this sol-
vent. Instead, it self-ionizes to provide equal amounts of
[Mo(Cp*)O2(H2O)n]


+ and [Mo(Cp*)O3]
� ions (plus a small


amount of neutral [Mo(Cp*)O2(OH)]) at pH 4.1. It should
be remarked that this dinuclear compound has been struc-
turally characterized in several different polymorphs, all ob-
tained by crystallization from organic solvents[22,23 ,24] and all
showing a symmetric Mo-O-Mo bridge.
The formulation of the cationic species deserves further


comment. The observed first-order dependence on [H3O
+]


for the [Mo(Cp*)O2(OH)] decomposition kinetics implies a
fast pre-equilibrium with the conjugate acid [Mo-
(Cp*)O(OH)2]


+ , whose pKa must be lower than zero, see
Scheme 2. This is in agreement with the general knowledge
that the two consecutive pKas of E(OH)2 oxoacids (E=any
element, e.g., S in H2SO4) usually differ by at least 4 units.
The subsequent slow step must be either an intramolecular
proton transfer to yield a dioxoaqua species (i.e., n=1), or
water dissociation to yield an unsolvated dioxo complex
(n=0). Either way, the transformation is remarkable, be-
cause, on the one hand, a tautomerization process exchang-
ing a proton between two oxygen sites is not expected to be
such a slow process and, on the other hand, an unsolvated
dioxo species is electronically unsaturated (though 5-coordi-
nated dioxomolybdenum(vi) complexes are precedent-
ed!).[25] Further studies are underway to establish the exact
chemical nature of this cationic complex.
Another implication of the [Mo2(Cp*)2O5] ionization


process is that compound [Mo(Cp*)O2Cl], another well-
known complex[22] never previously examined in an aqueous
medium, should also ionize in water, see Scheme 3. This has
been confirmed by the following additional physical studies.
Whereas [Mo2(Cp*)2O5] and [Mo(Cp*)O2Cl] do not conduct
electricity when dissolved in all common organic solvents
(including pure methanol), the molar conductivity in water/


methanol mixtures grows steadily as the percent water in-
creases. The known speciation and thermodynamic parame-
ters (from Scheme 2) lead to excellent fits for the electrical
conductivity and pH as a function of concentration for both
[Mo2(Cp*)2O5] and [Mo(Cp*)O2Cl], see Figures 1 and 2.[21]


Each fit is an independent verifications of the validity of
Scheme 2.
The speciation shown in Scheme 2 is evidently valid only


in the given solvent mixture. Evidence for the presence of


higher nuclearity species in methanol-richer mixtures is pro-
vided by additional analytical studies (vide infra).


Improved Syntheses of [Mo2(ring)2O5] Compounds


Our understanding of the nature of Cp*MoVI in an aqueous
solution has led to an improved synthesis of the dinuclear


[Mo2(Cp*)2O5] compound. Pre-
vious reports had shown that
[Mo(Cp*)O2Cl] can be ob-
tained by basic hydrolysis of
[Mo(Cp*)Cl4] in an acetone/
water mixture in an open
flask,[11] and that the latter is
transformed to [Mo2(Cp*)2O5]


upon treatment with excess NaOH.[9,11] However, on the
basis of our analytical studies detailed above, compound
[Mo(Cp*)O2Cl] should in fact be transformed to
[Mo(Cp*)O3]


� upon treatment with excess aqueous base if
the solvent is rich in water. Indeed, the anion is obtained
from [Mo(Cp*)Cl4] in a one-pot process and, after elimina-
tion of by-products, it transforms to [Mo2(Cp*)2O5] upon
acidification.[26] The best results are obtained when only
three base equivalents are used initially, to minimize the


Scheme 3.


Figure 1. pH of solutions of compounds [Mo2(Cp*)2O5] (squares) and
[Mo(Cp*)O2Cl] (triangles) in 20% MeOH/H2O. The curves are calculat-
ed on the basis of Scheme 2.


Figure 2. Conductivity of solutions of compounds [Mo2(Cp*)2O5] (dia-
monds) and [Mo(Cp*)O2Cl] (triangles) in 20% MeOH/H2O. The curves
are calculated on the basis of Scheme 2.
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competitive formation of the [{Mo(Cp*)O2}2] by-product
(which is resistant to aerial oxidation, see Scheme 4). The
procedure can be stopped at this point to recover [Mo-
(Cp*)O2Cl]. Formation of the MoV product, on the other
hand, can be maximized by use of an inert atmosphere and
four base equivalents. This synthetic strategy has also been


extended to systems that contain bulkier cyclopentadienyl
rings, namely C5H2tBu3 and C5HiPr4, whose structure shows
a linear and symmetrical Mo-O-Mo bridge like the analo-
gous Cp* compound.[26] A slightly modified synthetic proce-
dure has also allowed an improved synthesis of the unsubsti-
tuted [Mo2(Cp)2O5] compound.


Reduction Studies by Coupled Electrochemistry/
Electrospray Ionization Mass Spectrometry


In order to evaluate the electrocatalytic potential of the
Cp*MoVI system in water, the electrochemical properties
and the nature of the electrogenerated species need to be
assessed. Classical electrochemical studies provide no useful
information for two reasons: 1) film formation on the elec-
trode surface occurs at pH greater than about 4; and 2) too
many concurrent and irreversible reduction processes take
place in the same potential region, rendering the data analy-
sis an insurmountable challenge. While the first obstacle can
only be avoided by working at low pH, the second one can
effectively be surpassed by using a flow-through electro-
chemical cell, coupled with an on-line electrospray ionisa-
tion mass spectrometric analysis (ESI-MS) of the reduction
products.[27] Electrospray is known as a soft ionization
method, but even in this case it is rarely possible to unam-
biguously establish whether a given species is solution-
borne, rather than a fragmentation or condensation product.
The experiment may be carried out at any desired pH by


use of an appropriate buffer. In our study of the
[Mo2(Cp*)2O5] reduction, pH values of 4.0 (acetic acid/ace-
tate) and 1.8 (trifluoroacetic acid) were used. Because of
low instrumental sensitivity, a sufficient substrate concentra-
tion could only be achieved by using 50:50 methanol/water
mixtures, rendering the conditions somewhat different than
those of the stopped-flow investigation. This variation, how-
ever, provided complementary and useful information.[28,29]


The essence of the coupled electrochemistry/mass spectrom-
etry study is as follows. A continuous solution flow is passed
through the electrochemical cell through a system of coaxial
inlet and outlet capillary tubes whose orifices are in close


proximity to the working electrode surface, see Figure 3.
Mass spectra are continuously recorded, while the potential
is scanned at constant rate from an initial to a final chosen
value and back, just like in a cyclic voltammetric experi-
ment. However, the dead time of the transfer line (>20 s)
requires very slow scan rates (ca. 0.5 mVs�1). As the MS


analysis is always carried out on freshly electrolyzed solu-
tion, the reverse scan carries no information on chemical dy-
namics. However, it provides information on the history of
the electrode (e.g., film deposition).
A three-dimensional space, namely peak intensities versus


time (or electrode voltage) and versus m/z, results from the
experiment. The integration of this space in a narrow time
(potential) range gives the average MS in the chosen time
range (examples are given in Figure 4), whereas integration


in a narrow m/z range, that is, a range corresponding to the
isotope envelope of a given species, gives the time (poten-
tial) evolution of the relative abundance of such species (ex-
amples are shown in Figure 5 for the starting materials and
in Figure 6 for the reduction products).


Scheme 4.


Figure 3. Scheme of the electrochemical cell used. 1) Working electrode
(WE); 2) counter electrode (CE); 3) reference electrode (RE); 4) outer
capillary (transfer line of reagents to working electrode); 5) inner capilla-
ry (transfer line of products to the ESI/MS).


Figure 4. Electrospray mass spectra of a 0.1mm solution of
[Mo2(Cp*)2O5] in H2O/MeOH (1:1) at pH 4. a) E=�0.35 V (starting po-
tential) ; b) E=�1.0 (switching potential).
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Under open-circuit conditions, the positive ion ESI-MS
spectra at pH 4.0 (Figure 4a) and 1.8 show a number of
mono-, di-, tri-, and even tetranuclear species, including
[Mo(Cp*)O2]


+ , [Mo(Cp*)O3H2]
+ , [Mo(Cp*)O2(MeOH)]+ ,


[Mo2(Cp*)2O5H]
+, [Mo3(Cp*)3O7]


+, and [Mo4(Cp*)4O11H3]
+.


In less straightforward cases, the assignments were con-
firmed by curve fitting of the isotopic distribution and by
collision-induced fragmentation (MS2±MS4) studies. At the
most negative potential, the mass spectrum (e.g., Figure 4b
at pH 4) shows a number of new compounds that result
from the electrochemical reduction process, as well as an in-
tensity reduction for the peaks corresponding to the starting


material.[29] Studies in the negative ion detection mode were
also carried out (revealing, for instance, complex
[Mo(Cp*)O3]


� in the starting solution), but gave spectra of
lower quality and containing less useful information. The
ESI-MS study confirms the presence, in the starting solu-
tion, of mononuclear cationic species, as indicated by the
stopped-flow and conductivity studies, although is does not
demonstrate whether any of them is solution borne. Com-
plex [Mo2(Cp*)2O5H]


+ may derive from the proton addition
to [Mo2(Cp*)2O5], which is certainly present in an MeOH-
rich solvent as indicated by the electrical conductivity study
(vide supra). Very small (under optimized conditions)
amounts of species that manifestly derive from fragmenta-
tion processes are also observed. The more surprising find-
ing, however, is the detection of heavier species. Amongst
these, at least the trinuclear one is unambiguously solution-
borne, as shown by the response to the electrochemical re-


duction, vide infra. A possible structure and formation path-
way are proposed in Scheme 5. Therefore, a less water-rich
solvent mixture allows the existence of yet another novel
Cp*MoVI species. When the water content increases, the
greater dielectric constant favors dissociation of this trinu-
clear ion into the mononuclear species shown in Scheme 2.
These plots carry a considerable amount of useful infor-


mation. The observed decrease after reaching a certain po-
tential value signals the occurrence of an electrochemical
process which consumes either the species itself (if this is
solution borne) or its precursor (if the species is generated
in the mass spectrometer chamber). As shown in Figure 5,


Figure 5. Potential dependent abundance of selected species during a
linear potential sweep (scan rate 0.5 mVs�1 from 0.0 V to �1.0 V and
back; pH 1.8). The m/z range used for the integration is indicated above
each trace.


Figure 6. Potential dependent abundance for reduction products formed at pH 4 (left), corresponding isotope envelope (center) and tentative structural
formula (right).
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the trinuclear species [Mo3(Cp*)3O7]
+ is consumed at a less


negative potential than the dinuclear and mononuclear spe-
cies. Therefore, this observation constitutes unambiguous
proof that the trinuclear species is not generated by conden-
sation processes from the mono- and dinuclear ones in the
MS chamber, and that the equilibrium of Scheme 5 is slow
relative to the residence time in the transfer line from the
electrode surface to the MS instrument. Thus,
[Mo3(Cp*)2O7]


+ must be a solution-borne species.
The MS identification and the time-evolution plots of


each individual reduction product carry the most valuable
information of this experiment. Selected species observed
during the experiment at pH 4 are shown in Figure 6.[28]


With the exception of [Mo2(Cp*)2O4H]
+ , which is the proto-


nated version of the known[30] [Mo2(Cp*)2O4], all observed


products are unprecedented. Their detection by this techni-
que means that they survive under the given experimental
conditions at least on the minute timescale. Therefore, the
power of this analytical technique in terms of identifying
new synthetic targets can immediately be appreciated.
Other undetected species may, of course, be present in solu-
tion. Neutral species are not evidenced by the MS experi-
ment, whereas negatively charged species would be revealed
by operating in negative detection mode. Species with multi-
ple positive charges have not been detected in our experi-
ments on this precursor, although their presence and rapid
equilibria with the observed monocations through coordina-
tion/dissociation of the acetate anion or proton dissociation
cannot be excluded.
The detailed analysis of the onset reduction potential re-


veals that, within each nuclearity, lower oxidation state
products are obtained at more negative potentials (as ex-
pected), and that, within each oxidation state, products of
higher nuclearity are obtained at less negative potentials.
The latter phenomenon is tentatively attributed to the driv-
ing force of the metal±metal bond formation. A few prod-
ucts observed under different pH conditions are related to
each other, such as for instance [Mo2(Cp*)2O(O2CR)3]


+


(R=CH3 at pH 4 or CF3 at pH 1.8),[29] but others are not,
providing useful information on the reduction mechanism.
Related products show a less negative onset potential when
the pH is lower, as expected because the reduction is cou-
pled to the protonation of oxo ligands. The lower pH condi-
tions also permit a higher degree of reduction. For instance,
dinuclear MoIII products are obtained at pH 1.8, whereas the
reduction stops at the oxidation state IV at pH 4. Analo-
gously, the trinuclear [Mo3(Cp*)3O4]


+ (oxidation state +4)
product is obtained at pH 1.8, see Figure 7, whereas the re-


Scheme 5.


Figure 7. Potential dependent abundance for reduction products formed at pH 1.8 (left), and tentative structural formula (right). The m/z integration
range in selected cases is limited because of peak overlap.
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duction stops at [Mo3(Cp*)3O6]
+ (average oxidation state


+5.33) at pH 4 at the achievable potentials. It should be
noted that all detected products (except those proven by the
MSn experiments to result from fragmentation processes),
contain one Cp* ligand per Mo atom. This shows that, in all
compounds, the Cp*�Mo bond resists protonolysis, even
under strongly acidic conditions.[31]


Although most of the species revealed by this study are
unprecedented, related compounds are in most cases known
with other ligands. For instance, [Mo(Cp*)O(O2CCH3)]


+ is
related to [Mo(Cp*)OCl2],


[12] [Mo(Cp*)(O2CCH3)2]
+ to


[Mo(Cp*)Cl2(PMe3)2]
+ ,[32] and [Mo2(Cp*)2O(OH)-


(O2CCF3)2]
+ to [Mo2(Cp*)2OCl3(CO3H)].


[15] It can be ex-
pected that open coordination sites for substrate coordina-
tion are easily made available by dissociation of the anionic
ligands, especially in the case of the weaker trifluoroacetate,
or by bridge opening processes. The trinuclear
™Mo3(Cp*)3(m-O)6∫ core has been described before for
[Mo3(Cp*)3(m2-OH)n(m2-O)6�n]


2+ (n=4,5,6) complexes[16]


and for the two related [Mo5(Cp*)4O11] and [Mo8(Cp*)6O16]
clusters containing the same four-electron Mo3(m2-O)6
core.[16,33] Compounds whose central core is of the
™Mo3(Cp*)3O5∫ or ™Mo3(Cp*)3O4∫ type, on the other hand,
have not been previously reported. Therefore, the structures
assigned to these species, which are based on known inor-
ganic analogues,[34] are to be considered only tentative. The
results of this coupled electrochemical/ESI-MS experiment
suggest that oxygen-transfer processes with intervention of
protons and electrons should be relatively easy for these tri-
nuclear clusters. They further show that the available coordi-
nation sites are not tightly blocked by the solvent molecules,
since no [Mo3(Cp*)3On(S)m]


z+ (n=4, 5, 6; S=H2O or
MeOH; m and z=any number) complexes have been ob-
served other than the solvent-free monocations shown in
Figure 7. A rich aqueous chemistry involving redox process-
es and substrate coordination and activation can now be de-
veloped on these complexes, provided that synthetic meth-
ods for their selective preparation become available.


Chemical Reduction Studies


The next step in our project is to verify whether any species
that are observed in the combined electrochemical reduction
and ESI mass spectrometric analysis can also be chemically
generated and isolated. Our studies have been so far quite
preliminary. We have chosen Zn as the reducing agent for
reasons of compatibility with the aqueous methanol medium
at low pH. The reduction is sluggish, eventually yielding a
blue precipitate in an acetic acid at pH 4. This corresponds
to diamagnetic [Mo2(Cp*)2O2(O2CCH3)2], see Figure 8.[35]


As this is a neutral compound, it is not revealed by the elec-
trochemical/mass spectrometric analysis. However, a cyclic
voltammetric study shows the accessibility of a reversible
one-electron oxidation process (E1/2=�0.50 V in CH2Cl2),
thus proving the existence and stability of the mixed-valence
cation [Mo2(Cp*)2O2(O2CCH3)2]


+ , which was observed by
ESI-MS (Figure 6). The structure has two oxo and two ace-
tato groups bridging the two metal atoms, which , in addi-


tion, are held together by a direct metal±metal interaction
(Mo�Mo: 2.5524(3) ä). This structure is typical of dinuclear
cyclopentadienylmolybdenum(iv) species, for instance
[{Mo(S)(Cp’)(SMe)}2] and similar derivatives,


[36] but it is the
first reported case that is fully supported by O-donor li-
gands. It can be considered as an example of a stabilized
aqueous [Mo2(Cp*)2O2]


2+ species.
The analogous reduction at lower pH (trifluoroacetic


acid) leads to similar color changes and to the crystallization
of different trinuclear complexes depending on conditions.
From THF-heptane, a compound that can be formulated as
[Mo3(Cp*)3(m-O)6�n(m-OH)n]


2+ ¥2CF3COO
� was obtained.


High disorder in the trifluoroacetate and Cp* fragments
limits the precision of the structural results (notably the
value of n cannot be determined with confidence), but the
basic equilateral triangular Mo3(Cp*)3(m-O)6 core (Mo±Mo:
2.79 ä) and the trifluoroacetate arrangement as depicted
schematically in Figure 9 are shown unambiguously by the
data refinement.[37] The two trifluoroacetate ions establish


Figure 8. An ORTEP view of the [Mo2(Cp*)2O2(O2CCH3)2] molecule.


Figure 9. Structural arrangement of compound [Mo3(Cp*)3O6�n(OH)n]
[CF3COO]2
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close contacts between both oxygen atoms and different m-
oxo ligands above and below the Mo3 triangle, the O¥¥¥O dis-
tance being typical of hydrogen bonds (2.6 ä). Therefore,
the value of n in the chemical formula is most likely 4, cor-
responding to an average oxidation state of +4.33 for the
metal atoms. It is relevant to note that a related structure,
also characterized by severe disorder, has previously been
reported for a compound formulated as [Mo3(Cp*)3-
(m-O)6�n(m-OH)n]


2+ ¥2Cl� ; this being obtained by a synthetic
strategy similar to ours (zinc reduction of [Mo(Cp*)O2Cl] in
CHCl3 in the presence of concentrated HCl).


[16] In that case,
the most likely value of n was proposed as 5.
Crystallization from THF/diethyl ether, on the other


hand, yielded a different compound, [{Mo3(Cp*)3(m3-O)-
(m-O)3(m-O2CCF3)3}2][Zn2(O2CCF3)6]. The structure of the
unprecedented trinuclear monocation is shown in Figure 10.[38]


No trinuclear Mo complex, either with or without Cp* li-
gands, in an oxidation state as high as +5 has been previ-
ously reported. The Mo3O4 core is typical of the oxidation
state +4, and few examples in more reduced states are also
known, but none in higher ones.[34] The isolation of trinu-
clear complexes containing either the Mo3O6 or the Mo3O4


core from the same reductive procedure confirms the notion
that these species may be easily interconverted through
acid/base equilibria involving oxo/hydroxo/aqua tranforma-
tion coupled with water dissociation/association equilibria.
Furthermore, the anions provided by the supporting acid, es-
pecially the weakly coordinating trifluoroacetate ion, may
also establish facile association/dissociation equilibria. How-
ever, selective synthetic methods for each of these stoichio-
metries remain to be optimized before detailed analytical
speciation and redox studies as a function of pH, as well as
subsequent substrate activation studies, may be carried out.
It is clear that this promises to be an extremely rich


chemistry and the synthetic studies that we have carried out
so far have probably just uncovered the tip of the iceberg.


Besides acid/base and redox equilibria, a wealth of com-
pounds in which the bridging oxo/hydroxo ligands are re-
placed by ligands based on other donor atoms, an example
being provided by the known [Mo3(Cp*)3S4]


+ complex,[39]


may also be reasonable synthetic targets.


Conclusion and perspectives


The systematic study of high oxidation state organometallic
compounds in water has not so far attracted a lot of atten-
tion. Our studies outlined here and the large availability of
organometallic oxo complexes for a variety of metals (espe-
cially Ta, W, Re, and Os) and supporting organic ligands
(mostly modified cyclopentadienyl rings and alkyls) provides
hope for significant advances in this new area of chemistry
in the years to come. The opportunities for chemical re-
search encompass fundamental studies of the synthesis, char-
acterization, redox, and speciation of novel compounds, as
well as coordination/activation chemistry and catalysis in
water. It must be pointed out that, relative to inorganic ana-
logues, the organometallic complexes have a number of co-
ordination positions blocked by the robust, covalent M�R
bonds (this is especially true for CpM-based complexes).
Consequently, they exhibit a better defined coordination en-
vironment that limits or avoids oligomerization/polymeriza-
tion phenomena and makes model and mechanistic studies
more easily approachable. We look forward to significant re-
sults in this area, especially from studies of substrate activa-
tion, catalysis and electrocatalysis.
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Sol±Gel Polycondensation of Tetraethyl Orthosilicate (TEOS) in Sugar-
Based Porphyrin Organogels: Inorganic Conversion of a Sugar-Directed
Porphyrinic Fiber Library through Sol±Gel Transcription Processes


Shin-ichiro Kawano,[a] Shun-ichi Tamaru,[b] Norifumi Fujita,[a] and Seiji Shinkai*[a]


Introduction


One-dimensional alignment of porphyrins and phthalocya-
nines is of much concern in relation to the creation of novel
supramolecular architectures such as nanowires, discotic


liquid crystals, helical ribbon structures, and so on.[1±5] The
major driving force of these structures is considered to be a
p±p interaction. More recently, other supramolecular archi-
tectures constructed in organogels have attracted the widely
spread attention of supramolecular chemists, and the origin
of organogel formation is considered to be a one-dimension-
al alignment of gelator molecules supported by van der -
Waals interactions and/or hydrogen-bonding interactions.[6,7]


This concept presents a new theory for porphyrins and
phthalocyanines, in that they could act as powerful building
blocks for the design of a new gelator, whereas before,
theses compounds tended to assemble into a one-dimension-
al supramolecular architecture. In addition, we found that
many new hydrogen-bond-based gelators can be developed
by using a natural library of carbohydrate molecules.[8,9] In a
few cases, the solvents were gelated by the presence of only
0.3±0.5 gdm�3 sugar-based gelators.[10] The findings suggest
that one-dimensional aggregates composed of porphyrins or
phthalocyanines were ™reinforced∫ by the hydrogen-bonding


[a] S.-i. Kawano, Dr. N. Fujita, Prof. Dr. S. Shinkai
Department of Chemistry & Biochemisry
Graduate School of Engineering, Kyushu University
6-10-1 Hakozaki, Higashi-ku
Fukuoka 812-8581 (Japan)
Fax: (+81)92-642-3611
E-mail : seijitcm@mbox.nc.kyushu-u.ac.jp


[b] Dr. S.-i. Tamaru
Department of Chemistry
North Carolina State University
Campus Box 8204, Raleigh NC
27695±8204 (USA)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: Sugar-appended porphyrins
(1a±e) with monosaccharide groups at
their periphery have been rationally
designed for a new class of gelating re-
agents. A few of these compounds
have the tendancy to form one-dimen-
sional aggregates stable enough to
show successful gelation ability for
DMF±alcohol mixed solvents. The ag-
gregation mode in the specific colum-
nar super structures has been evaluated
in detail by UV-visible spectrometry
(UV/Vis), circular dichroism (CD),
scanning electron microscopy (SEM),
and transmission electron microscopy
(TEM). All UV-visible spectra of
sugar-appended porphyrinic gels ob-
tained from 1a±c exhibit Soret band
absorptions, which shift to lower wave-
length and are significantly broadened.
This phenomenon indicates that these


porphyrin cores strongly interact with
each other in an H-aggregate fashion,
which drives the generation of a one-
dimensional porphyrin-stacking array.
The CD spectra of the organogels from
1a and 1b, which are in anomers, ex-
hibit an almost symmetric pattern,
whereas the gel from 1c gives a com-
pletely different pattern. This implies
that the gel fibrils wind themselves in a
right- or left-handed fashion; this re-
flects chirality in the specific molecular
structure of the gelators. The results
from SEM for the gel fibrils are in
good agreement with the CD patterns.
The gel fibrils in 1a possess left-


handed helicity, whereas those in 1b
wind themselves right-handedly. Mac-
roscopic helical morphology reflects
the microscopic structure well at a mo-
lecular level, which gives structural va-
riety of the gel fibrils, which can be de-
fined by the sugar library. Inorganic
conversion of the organic helical fibrils
by a sol±gel transcription process suc-
cessfully gives the helical-silica struc-
tures, which finely inherit the organic
morphology. A striking observation is
that a unimolecular porphyrin-stacking
array is also transcribed into silica
fibers when the optimized sol±gel reac-
tion conditions are selected. A sugar-
based organic-fiber library in porphy-
rinic gels thus provides a variety of in-
organic materials through the sol±gel
transcription process.


Keywords: helical structures ¥
organogels ¥ porphyrinoids ¥
silicates ¥ sol±gel processes
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interaction among saccharide groups covalently-appended
to the central porphyrins (or phthalocyanines) column.
However, this idea has scarcely been used for the design of
a robust organogel system.[11] It thus occurred to us that por-
phyrin molecules, the periphery of which is modified with
saccharide groups, formed a one-dimensional aggregate as a
result of the synergistic effect of porphyrin±porphyrin p±p
stacking and saccharide±saccharide hydrogen-bonding inter-
actions; this eventually resulted in the formation of stable
organogels (Scheme 1).[12,13] With this in mind, we synthe-


sized porphyrins 1a±e, that
bear four saccharide groups at
their periphery. They form heli-
cal aggregates in gel, that are
indeed different from the ag-
gregate made of the gelator re-
ported in the former paper.[12]


Moreover, we have now found
that the helicity of one-dimen-
sional aggregates is precisely
consistent with the chirality in
the saccharide moieties of the
gelators, and as is shown in this
paper, the CD spectroscopic
analyses are also in good agree-
ment with them. Thus, the first
new aspect that we have estab-
lished is the creation of various
gel superstructures, which arise
from saccharide structures. Pre-
viously, we have shown that
these kind of ™organic∫ super-
structures can be elaborately
transcribed into ™inorganic∫
silica materials by using template±silanol interactions.[14] By
using this methodology, we have succeeded in discovering
that a family of sugar-appended porphyrin gelators, that
offer unique helical superstructures in the organogels, can
act as templates for silica gel mineralization. The sol±gel


transcription applied to this gel system with tetraethylortho-
silicate (TEOS) has provided a series of helical silica-coated
porphyrin fiber libraries, which finely inherit the tissue mor-
phology of the organogels. This is the second new aspect we
have established in this work. Interestingly, we noticed that
the rate of bundle growth of this gelator is relatively slow,
which provides us with a greater chance to transcribe nano-
sized incipient fibers into silica. In fact, we have found that
a hollow silica-fiber with an inner diameter of 4±5 nm is cre-
ated, and can be compared to the length of the long axis in


1a. This is a rare example of a
unimolecular stack of porphy-
rins immobilized in an inorgan-
ic material.


Results and Discussion


Syntheses of sugar-appended
porphyrins : Sugar-appended
porphyrin compounds, 1a±e
were synthesized in accordance
with Scheme 2. Aminophenyl-
2,3,4,6-tetra-O-acetyl monosac-
charides[15] 3a±e were obtained
by the reduction of acetyl-pro-
tected nitrophenyl analogues
2a±e, which were derived from
corresponding nitrophenyl


monosaccharides. Compounds 5a±e were thus obtained by a
condensation reaction with an acid-chloride derivative (4),
which was derived from a benzoic-acid-appended porphyrin.
Due to the deprotection of the hydroxyl groups, the por-
phyrins 1a±e had monosaccharide groups at their periphery.


Scheme 1. Molecular structure of the sugar-appended porphyrins and a schematic representation of the one-
dimensional porphyrin stacking structure supported by binary domain, p±p stacking, and hydrogen-bonding.


Scheme 2. Synthesis of the sugar-appended porphyrin 1a. Conditions: i) Ac2O, pyridine; ii) Pd/C, H2, AcOEt;
iii) 3a, TEA, THF; iv) CH3ONa, MeOH, THF. Compounds 1b±e are synthesized according to the same strat-
egy.
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Gelation property : The gelation property of 1a±e was tested
for 21 solvents (at 30 gdm�3), which ranged from water, al-
cohols, and dipolor aprotic solvents to aromatic solvents and
hydrocarbon solvents (see footnote a in Table 1). None of
the solvents could be gelated by compounds 1a±e because
of their poor solubility. This poor solubility seems to be as-


sociated with the intrinsic feature of sugar-appended por-
phyrins, that is, the strong self-association tendency, that
arises from the strong p±p interaction between the porphy-
rin p-planes and the intermolecular multi hydrogen-bonding
interactions between hydroxy groups in the saccharides.
To overcome this problem, we screened many solvents


and eventually found that N,N-dimethylformamide (DMF)
can dissolve compounds 1a±e very well. We expect, there-
fore, that once 1a±e are dissolved in a good solvent (i.e.,
DMF) in order to dissociate the strong intermolecular inter-
action, there is a possibility to form one-dimensional colum-
nar aggregates with the aid of a moderate interaction by the
addition of a poor solvent. Indeed, the gelation properties
of 1a±e were generated by this stepwise process as follows.
The gelators were dissolved in DMF in a capped test-tube
followed by the addition of a poor solvent (30 gdm�3, DMF/
poor solvent 1:3 (v/v)). The resulting solutions were heated
and then left at room temperature. The sample vials were
cooled in air to 25 8C, left for 1 h, and then turned upside
down. By immobilizing the solvent at this stage, the gelator
formed a clear or slightly opaque gel; this is denoted as ™G∫
in Table 1. The gelation property of 1a±e was tested for
eight kinds of DMF-based mixed solvents according to the
procedure stated above. As shown in Table 1, 1a and 1c gel-
ated well when mixed solvents with alcohols were used, and
1b also gelated a DMF±benzylalcohol mixed solvent. This
gelation behavior is probably due to the balance of intermo-
lecular interactions versus solubilization, since the alcohol
solvents prevent the gelators from growing into a thick
bundle. Compound 1d, however, did not possess a high ge-
lation ability, and formed partial gels with alcohols even in a
higher concentration of 1d or in a higher ratio of poor sol-
vents. Compound 1e did not work as a gelator for any
mixed solvents tested herein, because of its high solubility.
It is interesting that a slight change in sugar structure drasti-


cally affects the solubility and the aggregation mode. Here-
after, we subjected 1a, 1b, and 1c, that acted as gelators to
the subsequent analyses.
One can improve the gelation properties of physical gels


when the concentration of gelator is increased. We estimat-
ed the concentration dependency of gel±sol-phase transition


temperature (Tgel) for the 1a±c gels prepared from DMF/
benzylalcohol 1:3 (v/v) mixed solvent. All gels show similar
dependency, that is, Tgel increases with an increase in gelator
concentrations (Figure S1: see Supporting information). No-
tably, the gels from 1a ([1a] > 18 gdm�3) and 1c ([1c] >


9.0 gdm�3) possess a high Tgel, which is above the boiling
point of DMF (153 8C). The CGCs (critical gelation concen-
trations) of the gels in the mixed solvent (DMF/benzylalco-
hol 1:3 (v/v)) from 1a, 1b, and 1c were determined to be
5.0 gdm�3, 4.0 gdm�3, and 3.0 gdm�3, respectively; this was
obtained by extrapolating the curves in Figure S1 in the
Supporting Information. As stated above, the gels of the
mixed solvent from 1a, 1b, and 1c show a higher thermosta-
bility than the boiling point of DMF. The gels also show
high gelation ability, which is called a ™supergelator∫.[10]


Gelation is also affected by the ratio of DMF and benzyl-
alcohol (Table S1 in the Supporting Information). Com-
pound 1a can gel the mixed solvent (DMF/benzylalcohol
1:19 (v/v)), in which [1a] is 1.0 gdm�3 (Tgel=32 8C). At this
concentration, 1a cannot gel the mixed solvents at a ratio of
DMF/benzylalcohol 1:6 ~1:4 (v/v), in which the viscosity is
decreased with an increase in the DMF ratio. At higher gel-
ator concentrations, the gelation region becomes wider rela-
tive to the mixing ratios of the solvents. When the gelator
concentration is set at 14 gdm�3, a stable gel is formed in
the ratio of the mixed solvents between 1:6 and 1:3 (v/v),
the maximum Tgel being 153 8C at 1:5 (v/v). At higher con-
centrations (30 gdm�3), 1a forms precipitates in the region
between 1:19 to 1:3 (v/v), and the gel is formed only in 1:2
(v/v) solvent. The same analyses were applied to 1b and 1c
with their concentration fixed at 14 gdm�3. When Tgel for
1a, 1b, and 1c gels are plotted against the ratio of DMF±
benzylalcohol mixed solvents, one can conclude that 1a can
gel the mixed solvents only in the ratio between 1:6 and 1:3
(v/v), 1b and 1c can gel them with the ratio as small as 1:39


Table 1. Gelation properties of the compounds 1a-e for DMF-based mixed solvents at room temperature.[a,b]


Poor solvent State[c]


1a 1b 1c 1d 1e


methanol G PG G PG S
ethanol G P G PG S
2-propanol G P G PG S
1-butanol G P G P S
benzylalcohol G G G PG S
benzene I I I I S
chloroform I I I I S
water I I I I S


[a] Tested 21 kinds of solvents systems are not gelated: water, methanol, ethanol, 2-propanol, 1-butanol, benzylalcohol, acetonitrile, hexane, cyclohexane,
decahydronaphthalene, cyclohexanone, ethyl acetate benzene, toluene, p-xylene, anisol, diethyl ether, tetrahydrofuran, 1,4-dioxane, dichloromethane,
chlorofolm, N,N’-dimethylformamide, dimethylsulfoxide, chlorofolm:methanol=1:1. [b] DMF/poor solvent 1:3, in which the concentration of the com-
pound is 30 gdm�3. [c] G: gel, PG: partial gel, P: precipitation, S: homogenious solution, I: insoluble when heated.
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(v/v) (Figure S2 in the Supporting Information). These facts
shed light on the following mechanistic analyses on a molec-
ular level.
As stated before, gelation is prevented by two- and three-


dimensional growth of columnar aggregates, that arise from
an intercolumnar interaction.[6,10] The strength of this inter-
columnar interaction should reflect the molecular structure
of peripheral sugar groups. It is known that the axial OH
tends to form an intramolecular hydrogen bond, whereas
the equatorial OH tends to form an intermolecular hydro-
gen bond.[8,9] Compound 1a has one axial OH group and
two equatorial OH groups, whereas the three OH groups in
1c are all equatorial. The fact that 1c can gel in a wider
mixing ratio of DMF±benzylalcohol solvents than 1a, sug-
gests that the equatorial groups in 1c work efficiently to sta-
bilize the hydrogen-bonding network.


UV-visible spectroscopic analyses : Figure 1 shows the UV-
Visible absorption spectra for 1a±c. The absorption spec-
trum of DMF solution of 1a (2.3î10�6m) gives the Soret
band at 422 nm, and the Q bands at 517, 553, 593, and
647 nm. When 1a (3.9î10�3m) forms a gel in DMF/benzyl-


alcohol 1:3 (v/v), the spectral shape is significantly broad-
ened and the Soret band shifts to a shorter wavelength,
whereas the Q bands shift to a longer wavelength. The same
tendency is observed for 1b (3.9î10�3m) and 1c (3.9î
10�3m). These shifts imply the presence of a H-aggregation
mode in the porphyrin±porphyrin stacking array.[16] Shoul-
der-like absorption patterns are observed around 430 nm in
all spectra for 1a±c. It is probable that the gelator concen-
tration is near the CGC, so that some gelator molecules that
do not participate in the formation of the one-dimensional
structure still remain.


LD and CD spectroscopic analyses : To characterize the ag-
gregation mode in the organogel phase, we examined the
CD (circular dichroism) spectra of the 1a±c gels. Figure 1
shows that the CD band for 1a can be assigned to the posi-
tive exciton coupling and is observed only in the gel phase.
This indicates that, as already observed for cholesterol-ap-
pended porphyrin gelators,[12] the one-dimensional porphyrin
column is helically twisted under the influence of sugar chi-


rality. Symmetric CD spectra were observed for 1a and 1b
whose molecular skeletons were in anomers. The gel from
1c gives a different CD spectral pattern, which suggests that
the aggregation mode is different from that of 1a and 1b.
We confirmed that the contribution of linear dichroism
(LD) to the true CD spectrum is negligible by using the con-
ventional LD mode. Also, we have excluded the possibility
of intramolecular induced CD from the chiral sugar-moieties
to the achiral porphyrin core, since the DMF solution of 1a
(2.3î10�6m) is CD-silent.


Scanning electron microscopy (SEM): To obtain visual in-
sights into the aggeregation mode of the gelators in the gel
fibrils, we observed the SEM images of the xerogels pre-
pared from 1a±c. Figure 2 shows the SEM pictures of the
xerogels obtained from DMF±benzylalcohol mixed solvents.


The xerogel 1a mainly consists of three-dimensional tan-
gling fiber-like aggregates with diameters of 200±300 nm
(see Figure 2a).[13] A clear helical structure of 1a is observed
in the SEM image when the xerogel was prepared from 1a
of DMF/benzylalcohol 1:3 (v/v) mixed solvent at the con-
centration of 4.0 gdm�3. Importantly, one can recognize a
left-handed helical structure in the gel fibers of 1a in Fig-
ure 2a. This gel gives the positive sign of the exciton cou-
pling in the CD spectrum (Figure 1). In contrast, one can
recognize a right-handed helical structure in the gel fibers of
1b in Figure 2b. This gel gives the negative sign of the exci-
ton coupling in the CD spectrum, which is a symmetrical
pattern to that of 1a. As shown in Figure 2c, the xerogel of
1c gives both a helical structure (left-handed) and a flat
sheet-like structure. These results qualitatively support the
view, that the helical sense of the gel fibers is profoundly as-
sociated with the CD sign.
An interesting observation is seen from the supernatant


of the samples, in which fine fibrils are tied into the bundle
with the left-handed helices (Figure S3a and S3b in the Sup-


Figure 1. UV-Vis (left) and CD (right) spectra of the gels: blue; 1a, red;
1b, and green; 1c (DMF/benzylalcohol 1:3 (v/v)), [1a±c]=7.0 gdm�3


(25 8C), and dotted line; homogeneous solution of 1a (DMF/benzylalco-
hol 1:2 (v/v), [1a]=2.3î10�6m (25 8C).


Figure 2. SEM images of the xerogels of a) 1a partial gel (DMF/benzylal-
cohol 1:3 (v/v), [1a]=4.0 gdm�3), b) 1b gel (DMF/benzylalcohol 1:2 (v/
v), [1b]=17 gdm�3), and c) 1c gel (DMF/benzylalcohol 1:2 (v/v), [1c]=
7.0 gdm�3).
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porting Information). This ™baby-fibril∫ gives crucial evi-
dence that thin fibrils are tied up into the bundles even in
the solution state. The same image of the intermediate was
also seen in the TEM (transition electron microscopy)
image of the xerogel prepared from 1a (30 gdm�3, DMF/
benzylalcohol 1:2 (v/v)) (Figure S3c in the Supporting Infor-
mation).


Sol±gel transcription in sugar-appended porphyrin gels : Sol±
gel polycondensation of TEOS was performed in 1a+
DMF±benzylalcohol gel according to the method described
previously.[14] For example, 1a (4.0 mg) was dissolved by
heating at 80 8C into a mixture of DMF (160 mL), benzylal-
cohol (480 mL), and TEOS (35 mL). When this solution was
cooled to room temperature, it gelled. Before the gel was
formed, benzylamine (10 mL) and water (10 mL) were
added. In Method A, the mixture was heated at 80 8C again
and then left at room temperature for two weeks. On the
other hand, in Method B, the mixture was just left at room
temperature without heating. Therefore, the silica gel ob-
tained was washed with methanol to remove organic com-
pounds that adsorbed on the silica outer surface. After this
treatment, the sample obtained by Method A was subjected
to XPS (X-ray photelectron spectroscopy) analysis to obtain
information on the silica outer surface. The N peak at
409 eV, which resulted from 1a or benzylamine, was very
weak, and the relative intensity against the Si peak at
112 eV was 8:92. This result shows that 1a is scarcely adsorb-
ed on the silica outer surface.
When 1a (3.3î10�3m) forms a gel in DMF/benzylalcohol/


benzylamine 40:120:3 (v/v/v), the UV/Vis spectral shape is
significantly broadened and the Soret bands shift to a short-
er wavelength (397 nm), whereas the Q bands shift to a
longer wavelength (524, 559, 600, and 656 nm). This spectral
change, relative to the monomer solution of 1a, supports
the porphyrin±porphyrin stacking interaction in the assem-
bly of 1a.[16] The absorption spectrum after sol±gel polycon-
densation of 1a (Method A) is interesting. Both the Soret
and the Q bands appear at nearly the same wavelengths as
those of the organogel phase (Figure 3a). The result implies
that the stacked porphyrin structure is still retained in the


silica gel-phase.[16] This view is further supported by the CD
spectra, as shown in Figure 3b, the CD spectrum obtained
after sol±gel polycondensation is very similar to that ob-
tained from the organogel phase.
To obtain visual insights into the silica structure directly,


we observed SEM and TEM images before and after calci-
nation. The silica obtained by Method A from 1a before cal-
cination shows the fibrous structure to have an outer diame-
ter of about 50 nm (Figure 4a). This morphology was scarce-
ly changed even after calcination; this is seen from the SEM
image of the sample after calcination at 500 8C (Figure 4b).
The TEM images are shown in Figure 4c±e. It is clearly seen
that these silica fibers have an inner hollow with 4~12 nm
diameters. Careful observation reveals that there are two
different hollow diameters, one being about 5 nm, compara-
ble to a long-axis size of 1a (4.2 nm: Figure 4d), and another
being about 9 nm comparable to the double of the long-axis
size, and bears a stripe in the center (Figure 4e). The TEM
images are scarcely changed even after calcination, but the
central stripe in Figure 4e disappeared.
In Method A, the solution which contains benzylamine


(polycondensation catalyst)[14] was heated so that the bundle
formation of organogel fibers was suppressed, while the rate
of sol±gel polycondensation of TEOS was accelerated. Obvi-
ously, this condition facilitates the entrapment of incipient
organogel fibers, which consist of a uni- or bimolecular
stack. When the solution was not heated after benzylamine
addition (Method B), the bundle growth of organogel fibers
could compete with sol±gel polycondensation; this resulted
in a helically-bundled silica structure as a result of transcrip-
tion of well-grown, right- or left-handed, helically bundled
organogel fibers of 1a±c (Figure 5).
The foregoing results consistently support the view that


1a aggregates in a one-dimensional stack, along which sol±
gel polycondensation of TEOS proceeds in the gel phase.
The size of the inner hollow in Method A suggests that the
incipient organogel fibers are encapsulated in these silica
hollow-fibers. The disappearance of the central stripe upon
calcination is rationalized in terms of the disappearance of
stacked 1a molecules by pyrolysis. In addition, 1b and 1c
gel fibrils also act as templates for the sol±gel transcription
of mm-scale helical bundles.


Conclusion


To conclude, the present study
has demonstrated that sugar-ap-
pended porphyrin derivatives
that are rationally designed to-
wards the construction of one-
dimensional architechtures act
as excellent gelators for very
specific solvent mixtures. Al-
though one-dimensional align-
ment of porphyrins has been at-
tained in liquid- [1] and bulk-
crystal systems,[2,17] no such
precedent exists in an organo-


Figure 3. Absorption (left) and CD (right) spectra of silica-coated porphyrin arrays (bold line), organogel of
1a (thin line), and homogeneous solution of 1a (broken line; [1a]=2.3î10�6m).
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gel system. The organogel system, which is different from
liquid- and bulk-crystal systems, both feature thermo- and
lyotropic characteristics, which are conveniently used to
append the switch function and the self-assembling function
to the one-dimensional porphyrin stack. In addition, the hel-
ical direction and pitch can be finely tuned by combinatorial
displacement of saccharide groups available from a natural
library of carbohydrate molecules.
By using the porphyrinic fiber library, nm level sol±gel


transcription of organic assemblies has been achieved when
the incipient organic assembly is stable in the gel phase, and
the sol±gel reaction conditions are appropriately selected.
So far, the silica superstructures obtained by template tran-
scription of organic assemblies have been characterized by


the broad size distribution. This polydispersed nature has
made their chemical applications difficult. We thus believe
that the creation of the new silica fiber structure with the
nearly monodispersed hollow size is very essential and appli-
cable to other related transcription systems. For example,
the nano-sized hollow will be useful as a host cavity to en-
force molecules to orientate into a one-dimensional direc-
tion. This suggests there is future potential to create various
nano-sized cavities by designing various sizes of ™organic∫
template molecules. Without a doubt, it is therefore worthy
to emphasize this feature of this sol±gel transcription
method.


Experimental Section


General : All melting points were uncorrected. 1H and 13C NMR spectra
were measured on a Brucker DMX 600 apparatus with tetramethylsilan
as the internal standard. Optical rotations were measured on a Horiba
SEPA-300. ATR-IR spectra were obtained by using a Perkin±Elmer In-
struments Spectrum One FT-IR spectrometer. MALDI-TOF MS spectra
were obtained by PerSeptive Biosystems Voyager-DE RP Biospecteome-
try Workstation. UV/Vis, CD (LD), and X-ray photoelectron spectra
were recorded on a Shimadzu UV-2500PC spectrophotometer, a JASCO
J-720 spectrometer, and a Perkin±Elmer ESCA 5300 spectrometer, re-
spectively.


Gelation test : The gelator and the solvent were put in a screw-capped
test-tube and heated until the solid was dissolved. The solution was
cooled to room temperature and turned upside down. If the gelator
formed a stable gel by immobilizing the solvent at this stage, it was de-
noted as G in Table 1.


Estimation of gel±sol phase transition temperature (Tgel): A test tube that
contained the gel was horizontally immersed in a thermo-controlled oil
bath. The temperature was raised at 2.0 8Cmin�1. The Tgel was defined as
the temperature at which the gel changed to a liquid.


SEM measurements : A Hitachi S-5000 scanning electron microscope was
used for taking the SEM images. A thin gel, which was prepared in a


Figure 4. SEM (left) and TEM (right) images of silica-coated porphyrin arrays prepared by method A: a) before calcination and b)±e) after calcination.


Figure 5. SEM images of the silica structure prepared by method B:
a) 1a, b) 1b, and c) 1c gel fibrils as a template (before calcination).
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sample tube, was freeze-dried by a vacuum pump at �10 8C. The dried
sample obtained was shielded by Pt. The accelerating voltage of SEM
was 25 kV.


TEM measurements : A piece of the dried gel sample which was prepared
for SEM observation was placed on a carbon-coated copper grid
(200 mesh). After the sample was stained by one drop of an aqueous so-
lution of phosphotungstic acid (2.0%wt), the specimen was dried in
vacuo, and the sample was examined with a Hitachi H-600 TEM (acceler-
ation voltage: 75 kV) to obtain TEM images.


Sol±gel polycondensation method A : Gelator (4.0 mg) was added to a
mixed solvent of DMF (160 mL) and benzylalcohol (480 mL), and the
mixture was heated until the precipitate completely dissolved. Tetraethyl-
orthosilicate (TEOS 35 mL), benzylamine (10 mL), and water (10 mL)
was then added to this mixture. The reaction mixture was then heated
until it became homogeneous, and then placed at room temperature in
the dark for two weeks. The product was washed with methanol and
dried in vacuo to give the organic-inorganic composite as a purple solid.
This sample was calcinated to remove gelators at 150 8C for 2 h and
500 8C for 5 h, under a nitrogen stream, and at 500 8C for 5 h under an
aerobic stream. The silica obtained was colorless.


Sol±gel polycondensation method B : Gelator (1.0 mg) was added to a
mixture of DMF (40 mL), benzylalcohol (120 mL), and TEOS (10 mL),
and the resultant mixture was heated until the precipitate completely dis-
solved . After this mixture was cooled to room temperature, benzylamine
(3.0 mL) and water (3.0 mL) were added. Without the heating process,
this reaction mixture was placed at room temperature in the dark for two
weeks. The product was washed with methanol, and dried in vacuo to
give the organic-inorganic composite as a purple solid.


Preparation of 1a : A mixed solution of 5a (0.94 g, 0.38 mmol), sodium
methoxide (0.1m in methanol, 3.0 mL) was added to dry methanol
(20 mL) and dry tetrahydrofuran (6.0 mL), and the mixture was stirred
for 1.5 h under nitrogen. After the removal of the solvent under reduced
pressure, the purple solid was washed by chloroform and purified by re-
precipitation to give 1a (0.55 g, 0.30 mmol, 76%). M.p. 236±237 8C; 1H
NMR (600 MHz, [D6]DMSO): d=�2.87 (s, 2H), 3.45±3.58 (m, 16H; H3,
H4, H5, H6, H6’), 3.73±3.74 (m, 4H; H2), 4.54±5.22 (m, 16H; OH2, OH3,
OH4, OH6), 4.85 (d, J=7,5 Hz, 4H; H1), 7.12 (d, J=8.8 Hz, 8H; Ar-H),
7.84 (d, J=8.8 Hz, 8H; Ar-H), 8.41±8.42 (m, 16H; Ar-H), 8.93 (s, 8H; b-
pyrrole), 10.6 ppm (m, 4H; amide-NH); 13C NMR (150 MHz,
[D6]DMSO): d=60.629 (CH2), 68.378 (CH), 70.551 (CH), 73.557 (CH),
75.720 (CH), 101.600 (CH), 116.679 (CH), 119.696 (Cq), 122.113 (CH),
126.508 (CH), 133.585 (Cq), 134.423 (CH), 134.869 (Cq), 144.339 (Cq),
154.109 (Cq), 165.371 ppm (C=O); ATR-IR: ñ=3314, 1645, 1606, 1507,
1216, 1048, 1019 cm�1; UV/Vis (DMF): lmax (e)=420.0 (381000), 515.0
(17900), 549.5 (10000), 590.0 (6050), 646.5 (5200 mol�1dm3cm�1) nm;
MALDI-TOF MS (matrix: dithranol): calcd m/z for [M+H]+ : 1805.78;
found 1804.28. elemental analysis calcd (%) for C96H90N8O28¥4CH3OH: C
62.17, H 5.53, N 5.80; found C 62.18, H 5.31, N 5.93. The same procedure
was applied for the preparation of 1b±e. We thus only recorded their an-
alytical data.


Preparation of 1b: Compound 5b (1.1 g, 0.44 mmol) was deprotected
with sodium methoxide to give 1b (0.63 g, 0.35 mmol, 74%). M.p. 239±
243 8C decomp; 1H NMR (600 MHz, [D6]DMSO): d=�2.88 (s, 2H),
3.41±3.59 (m, 8H; H6, H6’), 3.77±3.82 (m, 16H; H2, H3, H4, H5), 4.54±4.90
(m, 16H; OH2, OH3, OH4, OH6), 5.40±5.41 (m, 4H; H1), 7.15 (d, J=
8.9 Hz, 8H; Ar-H), 7.82 (d, J=8.9 Hz, 8H; Ar-H), 8.40±8.42 (m, 16H;
Ar-H), 8.92 (s, 8H; b-pyrrole), 10.6 ppm (s, 4H, amide-NH); 13C NMR
(150 MHz, [D6]DMSO): d=60.527 (CH2), 68.273 (CH), 68.735 (CH),
69.673 (CH), 72.415 (CH), 98.829 (CH), 117.478 (CH), 119.681 (Cq),
122.094 (CH), 122.271 (Cq), 126.507 (CH), 133.660 (Cq), 134.384 (CH),
134.849 (Cq), 144.320 (Cq), 153.855 (Cq), 165.336 ppm (C=O); ATR-IR:
n=3316, 1651, 1606, 1509, 1216, 1076, 1026 cm�1; UV/Vis (DMF): lmax


(e)=420.0 (494000), 515.0 (21700), 549.5 (11700), 590.0 (6770), 646.5 nm
(6170 mol�1dm3cm�1); MALDI-TOF MS (matrix: dithranol): calcd m/z
for [M+H]+ : 1805.78; found 1805.20. elemental analysis calcd for
C96H90N8O28¥0.65CH3OH: C 63.62, H 5.12, N 6.14; found C 63.49, H 4.97,
N 6.19.


Preparation of 1c: Compound 5c (1.3 g, 0.52 mmol) was deprotected
with sodium methoxide to give 1c (0.62 g, 0.34 mmol, 62%). M.p. 236 8C;
1H NMR (600 MHz, [D6]DMSO): d=�2.88 (s, 2H), 3.17±3.75 (m, 16H;


H2, H3, H4, H5), 3.48±3.75 (m, 8H; H6, H6’), 4.61±4.63 (m, 4H; OH6), 4.88
(d, J=7.3 Hz, 4H; H1), 5.04±5.37 (m, 12H; OH2, OH3, OH4), 7.11 (d, J=
8.9 Hz, 8H; Ar-H), 7.83 (d, J=8.9 Hz, 8H; Ar-H), 8.40±8.41 (m, 16H;
Ar-H), 8.92 (s, 8H; b-pyrrole), 10.6 ppm (s, 4H; amide-NH); 13C NMR
(150 MHz, [D6]DMSO): d=60.527 (CH2), 69.986 (CH), 73.505 (CH),
76.889 (CH), 77.273 (CH), 101.097 (CH), 116.682 (CH), 119.695 (Cq),
122.126 (CH), 122.558 (Cq), 126.607 (CH), 133.669 (Cq), 134.871 (CH),
144.342 (Cq), 154.028 (Cq), 165.392 ppm (C=O); ATR-IR: ñ=3279,
1646, 1607, 1506, 1217, 1038, 1014 cm�1; UV/Vis (DMF): lmax (e)=420.0
(316000), 515.0 (17100), 549.5 (10200), 590.0 (6590), 646.0 nm
(5330 mol�1dm3cm�1); MALDI-TOF MS (matrix: dithranol): calcd m/z
for [M+H]+ : 1805.78; found 1805.23: elemental analysis calcd for
C96H90N8O28¥1.8CH2Cl2: C 60.03, H 4.92, N 5.73; found: C 59.73, H 5.20,
N 5.52.


Preparation of 1d : Compound 5d (0.58 g, 0.42 mmol) was deprotected
with sodium methoxide to give 1d (0.58 g, 0.32 mmol, 70%). M.p. 240±
242 8C; 1H NMR (600 MHz, [D6]DMSO): d=�2.89 (s, 2H), 3.47±3.53
(m, 12H; H4, H5, H6), 3.63 (d, J=11 Hz, 4H; H3, H6’), 3.70±3.71 (m, 4H;
H3), 3.85±3.86 (m, 4H; H2), 4.51±5.04 (m, 16H; OH2, OH3, OH4, OH6),
5.38 (s, 4H; H1), 7.16 (d, J=9 Hz, 8H; Ar-H), 7.83 (d, J=9 Hz, 8H; Ar-
H), 8.40±8.41 (m, 16H; Ar-H), 8.92 (s, 8H; b-pyrrole), 10.6 ppm (s, 4H;
amide-NH); 13C NMR (150 MHz, [D6]DMSO): d=61.318 (CH2), 69.996
(CH), 70.295 (CH), 70.928 (CH), 75.125 (CH), 99.542 (CH), 117.316
(CH), 119.677 (Cq), 122.102 (CH), 126.500 (CH), 133.836 (Cq), 134.374
(CH), 134.850 (Cq), 144.47 (Cq), 152.934 (Cq), 165.367 ppm (C=O);
ATR-IR: ñ=3314, 1652, 1606, 1508, 1217, 1005 cm�1; UV/Vis (DMF):
lmax (e)=420.5 (130000), 515.0 (9040), 549.0 (6170), 591.0 (4730),
645.5 nm (4130 mol�1dm3cm�1); MALDI-TOF MS (matrix: dithranol):
calcd m/z for [M+H]+ : 1805.78 (1805.23): elemental analysis calcd (%)
for C96H90N8O28¥0.90CH3OH: C 63.51, H 5.15, N 6.11; found C 63.29, H
4.93, N 6.21.


Preparation of 1e : Compound 5e (0.58 g, 0.23 mmol) was deprotected
with sodium methoxide to give 1e (0.32 g, 0.18 mmol, 74%). M.p. 218 8C;
1H NMR (600 MHz, [D6]DMSO): d=�2.87 (s, 2H), 3.51±3.57 (m, 12H;
H4, H5, H6), 3.67±3.75 (m, 8H; H3, H6’), 3.89±3.90 (m, 4H; H2), 4.53±5.07
(m, 16H; OH2, OH3, OH4, OH6), 5.68±5.69 (m, 4H; H1), 7.19±7.21 (m,
8H; Ar-H), 7.34±7.36 (m, 4H; Ar-H), 8.33±8.34 (m, 4H; Ar-H), 8.42±8.45
(m, 16H; Ar-H), 8.96 (s, 8H; b-pyrrole), 9.94 ppm (s, 4H; amide-NH);
13C NMR (150 MHz, [D6]DMSO): d=60.654 (CH2), 68.337 (CH), 70.767
(CH), 73.115 (CH), 76.082 (CH), 104.113 (CH), 118.358 (CH), 119.622
(Cq), 122.171 (CH), 123.365 (CH), 125.022 (CH), 126.426 (CH), 129.608
(CH), 134.241 (Cq), 134.751 (CH), 144.681 (Cq), 148.231 (Cq), 154.158
(Cq), 165.131 ppm (C=O); ATR-IR: ñ=3314, 1647, 1602, 1248,
1048 cm�1; UV/Vis (DMF): lmax (e)=420.5 (428000), 515.5 (22000), 550.0
(13500), 590.5 (8800), 646.5 nm (7960 mol�1dm3cm�1); FAB MS (HR):
calcd m/z for C96H90N8O28: 1802.5865; found 1802.5852.
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Self-Organized Glycoclusters Along DNA: Effect of the Spatial Arrangement
of Galactoside Residues on Cooperative Lectin Recognition


Kazunori Matsuura,[b] Miki Hibino,[a] Takayasu Ikeda,[a] Yoshinao Yamada,[a] and
Kazukiyo Kobayashi*[a]


Introduction


Oligosaccharide chains on cell surfaces have been regarded
as an essential substance for the expression of various bio-
logical phenomena.[1] Molecular recognition concerned with
such oligosaccharides is greatly enhanced by multivalency or
the glyco cluster effect.[2] For example, it has been reported
that glycolipids on cell surfaces can form glycolipid clusters
named rafts or patches, that are strongly recognized by sac-
charide-binding proteins and complementary oligosaccha-
rides.[3] Recently, various glyco conjugate polymers,[4,5] den-
drimers,[6] calixarenes,[7] cyclodextrins,[8] nanoparticles,[9] and
transition metal complexes[10] have been developed as glyco
cluster models. However, there has been no report on suc-
cessful control of the intervals and directions of the carbo-
hydrate ligands.


Oligodeoxynucleotides (ODNs) have attracted much at-
tention as a ™molecular glue∫ for supramolecular architec-
tonics based on the self-organization concept.[11] ODNs are
promising construction materials that can provide an array
of functional components such as chromophores,[12] gold
nanoparticles,[13] and proteins,[14] in controlled space and di-
rection, since DNA forms a linear, rigid double-strand helix
by complementary hydrogen-bonded base-pairing. Self-or-
ganized DNAs have also been applied to the molecular ma-
chines[15] and DNA-computing.[16]


Glycosylated nucleic acids occur rarely in nature, and
their biological roles have not yet been sufficiently elucidat-
ed.[17] Inspired by the interesting structures of glycosylated
nucleic acids, we [18] and other groups[19] have investigated
the synthesis and functions of various types of artificial
DNA±carbohydrate conjugates. In the course of the study,
we have proposed a novel concept for construction of peri-
odic glycoclusters by DNA self-organization strategy as
shown in Figure 1.[20] Site-specific galactosylated ODNs
(Gal-ODNs) were synthesized in an automated solid-phase
DNA synsthesizer,[18d] and were hybridized with the ™half-
sliding∫ complementary ODNs (hsc-ODNs) to afford self-
organized glycoclusters along the gapped DNA duplex. The
right half-sequence (red) and the left half-sequence (blue)
of hsc-ODNs are complementary to the left half-sequence
(red) and the right half-sequence (blue) of the target n-mer
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Abstract: We describe herein the rela-
tionship between the spatial arrange-
ment of self-organized galactose clus-
ters and lectin recognition. b-Galac-
tose-modified deoxyuridine phosphor-
amidite was synthesized and applied to
solid-phase synthesis to provide 18-,
20-, and 22-mers of site-specifically ga-
lactosylated oligodeoxynucleotides
(Gal-ODNs). These Gal-ODNs were
self-organized through hybridization
with the corresponding 18-, 20-, and
22-mers of half-sliding complementary
ODNs (hsc-ODNs) to give periodic


galactoside clusters. The self-organiza-
tion of ODNs was confirmed by size
exclusion chromatography and gel elec-
trophoresis. The binding of the Gal-
clusters to the FITC-labeled RCA120


lectin was analyzed by monitoring the
change in fluorescence intensity. The
assembly of 20-mer Gal-ODN with the
20-mer hsc-ODN was strongly and co-


operatively recognized by the lectin.
The 18-mer assembly was bound more
weakly and less cooperatively, and the
22-mer assembly was minimally bound
to the lectin. RCA120 lectin recognized
not only the density of galactoside resi-
dues, but also the spatial arrangement.
The size of the Gal cluster was estimat-
ed from the association constant of
Gal-ODN with hsc-ODN. The relation-
ship between lectin-recognition and
Gal-cluster size is also discussed.


Keywords: cooperative effects ¥
glycoclusters ¥ lectin recognition ¥
oligonucleotides ¥ self-organization
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Gal-ODNs respectively (Figure 1). The relative space and
direction between carbohydrates can be regulated by the
self-organized DNA-duplex. This system will be valuable in
studying the relationships between the spatial arrangement
of carbohydrates and lectin recognition.


This paper describes a detailed study of the construction
of galactoside-clusters based on the hybridization of 18-, 20-,
and 22-mer Gal-ODN (termed I, II, and III, ) with the cor-
responding hsc-ODNs (termed VI, VII, and VIII, respec-
tively, in Figure 1), and the relationship between the spatial
arrangement of galactosides along DNA and lectin recognition.


Results and Discussion


Synthesis and characterization
of galactosylated ODNs (Gal-
ODNs): Scheme 1 shows the
synthesis of a b-galactose-modi-
fied deoxyuridine phosphorami-
dite derivative used for solid-
phase synthesis. Solid-phase
synthesis of Gal-ODNs was per-
formed on an automated Expe-
dite Nucleic Acid Synthesis
System from the 3’ to the 5’ end
by using benzimidazolium tri-
flate[21] as an activator (1.0 mmol
scale). The ODNs were depro-
tected and cleaved from the
resin with aqueous ammonia at
room temperature, then puri-
fied by Sephadex G-25 car-
tridge column and reversed-
phase HPLC. The Gal-ODNs


were produced as the main product with 60±80 % coupling
efficiency.


Figure 2 shows an HPLC chart of nucleosides obtained by
enzymatic digestion (nuclease P1, DNase I, and bacterial al-
kaline phosphatase) of the b-galactosylated ODN II. In ad-
dition to the peaks assigned to dA, T, dG, and dC, a peak
assignable to b-galactosylated deoxyuridine 8 from compari-
son with the authentic sample was detected at retention
time=1.8 min. The ratio of each peak area (Gal-dU 8 : 0.9;
dC: 10.2; dG: 2.4; T: 4.8; dA: 1.7) was in agreement with
the calculated nucleotide composition of ODN II (Gal-dU


Figure 1. Schematic illustration of Gal clusters constructed by sequentially addressed self-organization of gal-
actosylated ODNs with the half-sliding complementary ODNs. The red and blue sequences on I, II, and III
are respectively complementary to the red and blue sequences on VI, VII, and VIII.


Scheme 1. Synthesis of b-galactose-modified deoxyuridine derivatives.
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8 : 1.0; dC: 10.0; dG: 2.0; T: 5.0; dA: 2.0). In addition,
MALDI-TOF-MS showed that the molecular ion mass of
the ODNs (m/z 6179.73) was consistent with that calculated
(6183.24). Thus we confirmed the production of the galacto-
sylated ODNs.


Figure 3 shows that the CD spectra of the gapped duplex-
es of the Gal-ODNs with the corresponding hsc-ODNs (I/
VI, II/VII, and III/VIII) were similar to those of the full du-


plexes of the Gal-ODN and the unmodified ODN with the
full complementary ODN (II/V and IV/V). The formation of
typical B-type duplexes is suggested regardless of the galac-
toside modification and, hence, the array of carbohydrates
as a glycocluster along DNA is discussed on the basis of
structural data of B-type DNA duplexes.


The melting temperatures of these Gal-ODN duplexes
were estimated from the hyperchromicity curves shown in
Figure 4. The gapped duplexes I/VI (48.3 8C), II/VII (48.5
8C), and III/VIII (51.3 8C) as well as the full duplex II/V
(65.1 8C) can be compared with the corresponding native
ODN duplexes IV/VII (48.4 8C) andIV/V (68.0 8C). The


melting temperatures of the gapped duplexes with hsc-ODN
were 20 8C lower than those of the full complementary du-
plexes. Introduction of the b-galactoside derivative into
ODN minimally affected the thermal stability of the gapped
duplexes as well as the full duplexes.


Organization of galactosylated ODNs : Self-organization of
Gal-ODNs with hsc-ODNs was examined by agarose gel
electrophoresis (Figure 5) and size-exclusion chromatogra-
phy (SEC, Figure 6). The electrophoretic bands of the
gapped duplex of 20-mer Gal-ODN (II) with hsc-ODN
(VII) shifted to the shorter mobility and broadened as the
concentration increased, whereas the duplex with full com-
plementary ODN (II/V) indicated almost the same mobility
independent of the concentration.


Figure 2. Reversed-phase HPLC chart of enzymatic digest of ODN II
with DNase I, nuclease P1, and BAP.


Figure 3. CD spactra of duplexes of galactosylated ODNs with full com-
plementary or half-sliding complementary ODNs at [ODN]=1.13mm in
PBS (pH 7.4) at 25 8C.


Figure 4. Melting behavior of duplexes of galactosylated ODNs with full
complementary or half-sliding complementary ODNs at [ODN]=1.13mm
in PBS (pH 7.4).


Figure 5. Gel electorophoresis analysis for self-organization of galactosy-
lated ODN with half-sliding cODN. Lane 1: II ([ODN]=150mm). Lanes
2±5: II/V ([ODN]=60, 90, 120, 150mm, respectively). Lanes 6±9: II/VII
([ODN]=60, 90, 120, 150mm, respectively). M: double-stranded DNA
marker.
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The SECs of the 18-, 20-, and 22-mer gapped duplexes (I/
VI, II/VII, and III/VIII respectively) were broader and shift-
ed to faster retention time than those of the single strand
ODN alone (II) and the full complementary duplex (II/V).
These results suggest that the Gal-ODNs were organized
with the hsc-ODN to form Gal clusters. The apparent
number average molecular weight compared with pullulan
standards were as follows. Single strand 20-mer ODN II :
Mn=7830 (Mw/Mn=1.04); full complementary duplex II/V:
Mn=12 000 (Mw/Mn=1.05); gapped duplex I/VI : Mn=84 400
(Mw/Mn=1.22); II/VII : Mn=78 500 (Mw/Mn=1.89); III/VIII :
Mn=101 000 (Mw/Mn=1.38). Thus, about 6.5 galactosides on
average were assembled by the half-sliding complementary
ODNs; However it is probable that the value is underesti-
mated because the assembly is partially dissociated during
SEC and electrophoresis.


Binding affinity of gal clusters with half-sliding complemen-
tary ODNs to lectin : Binding affinity was estimated quanti-
tatively by fluorometry with an FITC-labeled b-galactoside
specific lectin (FITC-RCA120, Ricinus communis agglutinin).
Figure 7 shows that addition of an increasing amount of 20-
mer Gal cluster II/VII to FITC-RCA120 decreased signifi-
cantly the fluorescence intensity at 520 nm (excitation at
490 nm) to give a steep sigmoidal curve. The binding curve
of the 18-mer Gal cluster I/VI was gently sigmoidal. In con-
trast, the 22-mer Gal cluster III/VIII fluorescence intensity
decreased minimally in the present concentration range,
similarly to the duplex of Gal-ODN with full complementa-
ry ODN (II/V) that has only one galactoside.


These results indicate that the 20-mer Gal cluster II/VII
bound to RCA120 most strongly, the 18-mer I/VI bound
weakly, and the 22-mer III/VIII bound minimally. Further
more, the sigmoidal dependency of the fluorescence intensi-


ty on the concentration of II/VII indicates that some galac-
tose residues along DNA were cooperatively bound to
RCA120.


[22] The sigmoidal curve was treated with the Hill
equation [Eq. (1)] to give the apparent affinity constant
(Kaf) and the Hill coefficient (n) as summarized in Table 1.


log
Y


1�Y
¼ nlog½Gal� þ nlogKaf


�
Y ¼ DF


DFmax


�
ð1Þ


The Hill coefficient of the 18-mer ODN (II/VII) is n=2.4,
which suggests that an average of 2.4 galactose residues are
cooperatively bound to some of the four binding sites on
RCA120 by organizing the conjugate II with VII. The ap-


parent affinity constant and the Hill coefficient of the Gal
cluster along the 18-mer ODN (I/VI) to RCA120 were lower
than those of the 20-mer ODN. The fluorescence change of


Figure 6. Size exclusion chromatography of galactosylated ODNs.


Figure 7. A) Dependence of fluorescence intensity of FITC-RCA120 at
520 nm (Ex=490 nm) on the concentration of ODNs in PBS (pH 7.4) at
25 8C ([RCA120]=14.6 nm). The DF was corrected for the spontaneous
breaching of FITC-RCA120 in PBS. B) Hill plots of fluorescence intensity
change of FITC-RCA120 with ODNs.


Table 1. Apparent affinity constants (Kaf) and Hill coefficients (n) in
binding of Gal clusters along DNA to RCA120 at 25 8C.


Gal cluster Kaf [m
�1][a] n


I/VI (18-mer) 1.9î 104 1.8
II/VII (20-mer) 5.5î 104 2.4
III/VIII (22-mer) ± ±


[a] Kaf was calculated using molarity [mol L�1] of the Gal unit.
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the Gal cluster along the 22-mer ODN (III/VIII) was too
small to be treated with the Hill equation.[23]


Since the B-type DNA duplex has an average 10.5 base
pairs and 34 ä pitch per turn of the helix, the galactoside
residues along the 20-mer and 22-mer ODN assemblies (II/
VII and III/VIII) were displayed at 68 and 75 ä regular in-
tervals, respectively, and their two adjacent residues were
twisted 34 degrees each. In contrast, the galactoside residues
along the 18-mer ODN assembly (I/VI) were displayed at
63 ä regular intervals with larger dihedral angle of 1038
(Figure 8). It is probable that the relative arrangement of
the Gal-cluster based on the 20-mer ODN (II/VII) allows
cooperative binding to the binding sites on RCA120, whereas
that of the Gal-cluster based on the 18-mer (I/VI) is unfav-
orable to bind cooperatively to RCA120, due to its twisted ar-


rangement of galactosides. The extended interval of 22-mer
III/VIII seems to hamper the binding to RCA120. We can
conclude that RCA120 lectin recognized the spatial arrange-
ment of the galactoside residues along DNA.


Estimation of the degree of association between ODNs : In
order to discuss the relationship between lectin recognition
and Gal cluster size, we attempted to estimate the associa-
tion constant between ODNs and then the degree of associ-
ation of the Gal cluster. When two ODNs form an assembly
with apparent association constant Kas [m�1] at total ODN
concentration C [m], the degree of association (DA) is given
by Equation (2).[24]


DA ¼ KasCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KasC þ 1


p
�1


ð2Þ


The Tm of the gapped duplex (II/VII) was measured at
several concentrations and plotted according to Equation (3)
in Figure 9. The linear relationship gave DH8=�44 kcal
mol�1 and DS8=�120 calmol�1 K�1 for gapped duplex for-
mation. The apparent affinity constant at 25 8C was calculat-
ed to be Kas=4.2 î 106


m
�1 using DG8=DH8�TDS8=


�RTlnKas. Substituting the DG value into Equation (2) af-


forded dependence of the DA of ODNs on the concentra-
tion as shown in Figure 10.


1
Tm


¼ 2:303R
DHo log


�
C
4


�
þ DSo


DHo ð3Þ


Figure 7 shows that the binding ability of the Gal cluster
II/VII to RCA120 is enhanced significantly at [ODN]=
40 mm. The DA of ODNs was estimated to be about six,
which corresponded to about three galactosides (Figure 10).


This value is comparable to the Hill coefficient 2.4, for bind-
ing of the Gal cluster II/VII to RCA120. This suggests that
the degree of association of about three galactosides on II/
VII lead to the cooperative binding with RCA120. Thus,
about three galactosdes on the 20-mer gapped duplex as-
sembly (II/VII) simultaneously recognize three of four bind-
ing sites of RCA120.


Conclusions


We have demonstrated that periodic, spatial arrangement of
galactoside residues could be attained by self-organization
of galactosylated ODN with the corresponding half-sliding


Figure 8. Illustration of the predicted arrangement of Gal cluster based
on galactosylated 18-, 20-, and 22-mer ODNs with their half-sliding com-
plementary ODNs.


Figure 9. Plot of Tm
�1 versus log (C/4) for melting of the gapped duplex


II/VII in PBS (pH 7.4).


Figure 10. Estimated dependence of degree of association (DA) on ODN
concentration in self-organization of the gapped duplex II/VII in PBS
(pH 7.4) at 25 8C.
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complementary ODN. The affinity of the Gal cluster organ-
ized on DNA to RCA120 lectin was significantly dependent
on this spatial arrangement. The Gal cluster based on the
20-mer ODN, which displays the galactoside residues at
68 ä regular intervals with a small dihedral angle, was
strongly and cooperatively bound to the lectin. On the other
hand, the largely twisted Gal cluster based on the 18-mer
ODN assembly was bound more weakly and less coopera-
tively, and the 22-mer ODN assembly, bearing an extended
interval, was minimally bound to the lectin. The degree of
association between Gal-ODN and hsc-ODN was estimated
by SEC and thermodynamic analysis of the concentration
dependency of Tm, suggesting that about three galactosides
on the 20-mer gapped duplex lead to the cooperative bind-
ing with RCA120. Therefore, it has been revealed that
RCA120 lectin recognizes not only the density of galactoside
residues, but also the spatial arrangement and degree of as-
sociation of Gal clusters. Such regular spatial arrangement
of carbohydrate residues can not be attained with synthetic
glycoconjugate polymers such as polystyrene and polyacryla-
mide backbones. The glycocluster system with DNA self-or-
ganization will be useful to elucidate recognition properties
of various carbohydrate-binding proteins. We propose an
™assembly-amplified cooperative molecular recognition
strategy∫, which has high potential for applications to vari-
ous molecular systems.


Experimental Section


Materials : Reactions sensitive to moisture and air were performed under
nitrogen or argon atmospheres using anhydrous solvents and reagents.
The following five types of oligodeoxynucleotides were purchased from
Rikaken (Nagoya): native IV (5’-TCCTCGCCCTTGCTCACCAT-3’),
full complement 20-mer V (5’-ATGGTGAGCAAGGGCGAGGA-3’),
half sliding complement 18-mer VI (5’-AGGGCGAGGTGGTGAGCA-
3’), half sliding-complement 20-mer VII (5’-AGGGCGAGGAATGGT-
GAGCA-3’), half sliding complement 22-mer VIII (5’-AGGGCGAG-
GAATATGGTGAGCA-3’). Fluorescein isothiocyanate (FITC) labeled
Ricinus communis agglutinin (RCA120), nuclease P1 (from Penicillium cit-
rinum, EC 3.1.30.1), DNase I (from bovine pancreas, EC 3.1.21.1), and
bacterial alkaline phosphatase (BAP; from Escherichia. coli, EC 3.1.3.1)
were purchased from Sigma . Benzimidazolium triflate was prepared ac-
cording to the previously reported procedure.[21] 2-Cyanoethyl N,N-diiso-
propylchlorophosphoramidite were prepared at Y. Hayakawa×s Laborato-
ry, Graduate School of Human Informatics, Nagoya University.


Instruments : 1H NMR spectra were recorded on Varian Gemini-500 spec-
trometer at ambient temperature with tetrametylsilane or residual sol-
vent peaks as internal references. 31P NMR spectra were recorded on
JEOL a-400 spectrometer at ambient temperature using 85 % H3PO4 as
external references. Infrared (IR) spectra were recorded with a JASCO
Fourier transform IR-230 spectrophotometer. Optical rotation was deter-
mined with a JASCO DIP-1000 digital polarimeter using a water-jacketed
1 dm cell at 25 8C. Absorption spectra were recorded on a JASCO V-530
UV/VIS spectrophotometer equipped with a thermal controller. CD
spectra were taken in a 10 mm quartz cell with a JASCO J-720 L spectro-
photometer. Fluorescence spectra were recorded on a JASCO FP-777
spectrophotometer equipped with a thermal controller. Fast-atom-bom-
bardment (FAB) mass spectra were obtained on a JEOL JMS-
AX505HA mass spectrometer operating in positive mode. MALDI-TOF
mass spectra were obtained on a PE Applied Biosystem Voyager
MALDI-TOF type mass spectrometer with 3-hydroxy-2-picolinic acid as
matrix. Solid-phase syntheses of ODNs were conducted on an Expedite
Nucleic Acid Synthesis System. Size exclusion chromatography (SEC)
was recorded at 25 8C with a JASCO Guliver SB-804HQ to SB-803HQ


columns and an RI detector (RI-930). Reversed-phase HPLC was record-
ed at 25 8C with Shiseido Capcell Pak C18 UG120 (4.5 î 150 mm) and a
JASCO Guliver UV/VIS detector (UV-975).


Synthesis of galactosylated deoxyuridine derivatives : 1-(5-Hexyn-1-yl)-
2,3,4,6-tetra-O-acetyl-b-d-galactopyranoside (2): 5-Hexyn-1-ol (100 mL,
9.06 mmol) and TMSOTf (535 mL, 2.77 mmol) under nitrogen at �40 8C
were added to a solution of 1 (4.54 g, 10.87 mmol) and MS4A in CH2Cl2


(10 mL) . The resulting mixture was stirred for 45 min at 0 8C. After re-
moval of the molecular sieves by filtration, the filtrate was extracted with
CH2Cl2 and the organic layer was washed with NaHCO3(aq) and H2O.
After drying over anhydrous MgSO4, CH2Cl2 was evaporated to provide
a thick oil. Purification by silica gel column chromatography eluting with
ethyl acetate/hexane (3:4) provided pure 2 as a light yellow oil (3.80 g,
98% yield). [a]25


D =�37.08 (c=0.1 in CHCl3); 1H NMR (CDCl3): d=5.39
(d, J=3.3 Hz, 1H), 5.20 (dd, J=8.0, 10.5 Hz, 1 H), 5.02 (dd, J=3.0,
10.0 Hz, 1H), 4.60 (d, J=8.0 Hz, 1H), 4.21±4.11 (m, 2H), 3.95±3.89 (m,
5-H, 2H), 3.49±3.54 (m, 1 H), 2.21±2.16 (m, 2H), 2.14, 2.07, 2.05, 2.00 (4 s,
12H), 1.88 (t, J=2.2 Hz, 1H), 1.70±1.60 (m, 2 H) and 1.59±1.48 ppm (m,
2H). IR (KBr): ñ=3284, 2947, 1751, 1435, 1371, 1223, 1057 cm�1; FAB-
MS: m/z : 427 [M++H].


5-[1-(2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl]-2’-deoxy-
uridine 3’,5’-di-tert-butyldimethylsilyl ether (4): Pd(PPh3)4 (14 mg,
0.012 mmol), CuI (4.6 mg, 0.024 mmol), Et3N (24 mg, 0.24 mmol), and 2
(154 mg, 0.36 mmol) were added under nitrogen to a solution of 3
(70 mg, 0.12 mmol) and MS4A in dry THF (1.5 mL) . The mixture was
stirred for three days at room temperature. After removal of the molecu-
lar sieves by filtration, the filtrate was extracted with ethyl acetate and
washed with NaHCO3(aq) and H2O. After drying over anhydrous
MgSO4, ethyl acetate was evaporated to provide a thick oil. Purification
by silica gel column chromatography eluting with ethyl acetate/hexane
(3:5 to 5:3) provided pure 4 as a light yellow oil (61 mg, 58 % yield).
[a]25


D =�8.48 (c=0.1 in CHCl3); 1H NMR (CDCl3): d=8.29 (s, 1 H), 7.91
(s, 1 H), 6.29 (t, J=6.9 Hz, 1H), 5.39 (d, J=3.0 Hz, 1H), 5.20 (dd, J=8.1,
10.5 Hz, 1 H), 5.03 (dd, J=3.6, 10.8 Hz, 1H), 4.50 (d, J=8.0 Hz, 1 H),
4.42±4.40 (m, 1H), 4.20±4.09 (m, 2 H), 3.98±3.74 (m, 5 H), 3.56±3.54 (m, 1
H), 2.41±2.26 (m, 4 H), 2.15, 2.06, 2.05, 1.98 (4 s, 12 H), 1.78±1.64 (m, 2
H), 1.32±1.20 (m, 2H), 0.92 (s, 9H), 0.88 (s, 9 H), 0.12 (s, 6H), and
0.10 ppm (s, 6H); IR (KBr): ñ=2945, 1751, 1709, 1460, 1371, 1227,
1065 cm�1; FAB-MS: m/z : 883 [M++H].


5-[1-(2,3,4,6-Tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl]-2’-deoxy-
uridine (5): A solution (1.0m) of tetrabutylammonium fluoride
(1.359 mL, 1.359 mmol) was added under nitrogen in the dark to a solu-
tion of 4 (400 mg, 0.453 mmol) in dry THF (15 mL) . The mixture was
stirred for 3 h at room temperature. After removal of THF under re-
duced pressure, the crude residue was purified by silica gel column chro-
matography eluting with CHCl3/MeOH (25:1 to 25:4) to provide pure 5
as a colorless oily solid (256 mg, 86% yield). Mp: 88±91 8C; [a]25


D =�16.68
(c=0.1 in CHCl3); . 1H NMR (500 MHz, CDCl3): d=8.59 (br s, 1H), 8.17
(s, 1 H), 6.26 (t, J=6.5 Hz, 1H), 5.40 (d, J=3.5 Hz, 1H), 5.18 (dd, J=8.0,
10.5 Hz, 1H), 5.05 (dd, J=3.5, 10.5 Hz, 1 H), 4.63±4.61 (m, 1H), 4.49 (d,
J=8.0 Hz, 1 H), 4.22 (dd, J=7.0, 11.0 Hz, 1H), 4.11( dd, J=7.0, 11.0 Hz,
1H), 4.04±3.89 (m, 5 H), 3.56±3.52 (m, 1H), 3.01 (br s, 1 H), 2.58 (br s, 1
H), 2.44±2.31 (m, 4H), 2.16, 2.09, 2.06, 2.00 (4 s, 12 H), 1.76±1.59 ppm (m,
4H). IR (KBr): ñ=3487, 3070, 2945, 1751, 1462, 1371, 1227, 1051 cm�1;
FAB-MS: m/z : 655 [M++H]


5-[1-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl]-2’-deoxy-
5’-O-(4,4’-dimethoxytrityl)uridine (6): 4,4’-Dimethoxytritylchloride
(78 mg, 0.229 mmol) was added under nitrogen in dark to a solution of 5
(50 mg, 0.076 mmol) in dry pyridine (2 mL). The mixture was stirred for
16 h at 50 8C. After cooling to room temperature, the mixture was ex-
tracted with ethyl acetate and washed with NaHCO3(aq) and H2O. After
drying over anhydrous MgSO4, ethyl acetate was evaporated to provide a
thick oil. Purification by silica gel column chromatography eluting with
CHCl3:MeOH (50:1 to 50:4) provided pure 6 as a colorless oily solid
(61 mg, 83% yield). Mp: 100±102 8C; [a]25


D =�2.9 8 (c=0.1 in CHCl3);
1H NMR (500 MHz, CDCl3): d=8.49 (br s, 1H), 8.01 (s, 1 H), 7.37±7.29
(m, 9H), 6.86 (d, J=8.0 Hz, 4H), 6.25 (t, J=6.5 Hz, 1H), 5.40 (d, J=
3.5 Hz, 1H), 5.17 (dd, J=8.0, 10.5 Hz, 1H), 5.03 (dd, J=3.5, 10.5 Hz, 1
H), 4.54±4.51 (m, 1 H), 4.47 (d, J=8.0 Hz, 1H), 4.22±4.12 (m, 2H), 4.09±
4.05 (m, 1 H), 3.96±3.93 (m, 1H), 3.82 (s, 6H), 3.79±3.75 (m, 1 H), 3.46
(dd, J=3.5, 10.5 Hz, 1H), 3.42±3.38 (m, 1 H), 3.35 (dd, J=3.5, 11.0 Hz, 1
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H), 2.51±2.28 (m, 2H), 2.16±2.00 (m, containing 4 singlets at d=2.16,
2.09, 2.06, 2.00, 14H), 1.55±1.52 (m, 2 H), 1.36±1.33 ppm (m, 2H). IR
(KBr): ñ=3475, 2943, 1751, 1614, 1508, 1456, 1371, 1227, 1045 cm�1;
FAB-MS: m/z : 957 [M+ +H].


5-(1-(2,3,4,6-tetra-O-acetyl-b-d-galactopyranosyl)-5-hexyn-6-yl)-2’-deoxy-
5’-O-(4,4’-dimethoxytrityl)uridine-3’-O-(2-cyanoethyl-N,N’-diisopropyl)-
phosphoramidite (7): Diisopropylethylamine (211 mL, 1.21 mmol) and 2-
cyanoethyl-N,N-diisopropyl chlorophosphoramidite (188 mL, 0.84 mmol)
under argon at �78 8C were added to a solution of 6 (52 mg, 0.054 mmol)
and MS3A in dry THF (5 mL). The mixture was stirred for 45 min at
room temperature. After removal of the molecular sieves by filtration,
the filtrate was extracted with ethyl acetate and washed with NaH-
CO3(aq) and brine. After drying over anhydrous MgSO4, ethyl acetate
was evaporated to provide a thick oil. Purification by silica gel column
chromatography eluting with ethyl acetate/hexane (1:1 to 2:1 to 4:1) con-
taining 0.5 wt % Et3N provided two diastereoisomers of 7 as light yellow
foam (884 mg, 95 % yield). Mp: 85±88 8C; [a]25


D =++4.52 8 (c=0.1 in
CHCl3); 1H NMR (500 MHz, CDCl3) higher Rf : d=8.90 (br s, 1H), 8.06
(s, 1H), 7.50±7.20(m, 9H), 6.84 (d, J=8.5 Hz, 4H), 6.30 (t, J=6.5, Hz, 1
H), 5.38 (d, J=3.5 Hz, 1H), 5.16 (dd, J=8.0, 10.5 Hz, 1H), 5.02 (dd, J=
3.5, 10.5 Hz, 1 H), 4.60±4.56 (m, 1H), 4.44 (d, J=8.0 Hz, 1H), 4.23±4.09
(m, 3 H), 3.93±3.89 (t, J=6.5 Hz, 2H), 3.79 (s, 6 H), 3.84±3.76 (m, 1H),
3.73±3.53 (m, 4 H), 3.36±3.27 (m, 2 H), 2.62 (t, J=6.5 Hz, 2H), 2.56±2.51
(m, 1H), 2.33±2.26 (m, 1H), 2.13±1.92 (m, containing 4 singlets at d=


2.13, 2.04, 2.02, 1.98, 14 H), 1.52±1.40 (m, 2 H), 1.32±1.22 (m, 2H), 1.18 (,
d, J=6.5 Hz, 6H), 1.16(, d, J=6.0 Hz, 6H); lower Rf : d=8.90(br s, 1H),
8.01 (s, 1H), 7.50±7.20 (m, 9H), 6.83 (d, J=8.5 Hz, 4H), 6.31 (t, J=
6.5 Hz, 1H) , 5.38 (d, J=3.5 Hz, 1 H), 5.16 (dd, J=8.0, 10.5 Hz, 1H),
5.02(dd, J=3.5, 10.5 Hz, 1H), 4.60±4.56 (m, 1H), 4.43 (d, J=8.0 Hz, 1H),
4.23±4.09 (m, 3 H), 3.93±3.89 (t, J=6.5 Hz, 2 H), 3.79 (s, 6 H), 3.84±3.76
(m, 1 H), 3.73±3.53 (m,4 H), 3.36±3.27 (m, 2H), 2.43 (t, J=6.5 Hz, 2H),
2.56±2.51 (m, 1H), 2.33±2.26 (m, 1 H), 2.13±1.92 (m, containing 4 singlets
at d=2.13, 2.04, 2.02, 1.98, 14H), 1.52±1.40 (m, 2H), 1.32±1.22 (m, 2H),
1.18 (d, J=6.5 Hz, 6H), 1.16 ppm (d, J=6.0 Hz, 6H). 31P NMR: d=


149.61 and 149.21 ppm; IR (KBr): ñ=2968, 1753, 1705, 1614, 1510, 1456,
1371, 1227, 1043, 827 cm�1; FAB-MS: m/z : 1157 [M++H].


5-(b-d-Galactopyranosyl)-5-hexyn-6-yl)-2’-deoxyuridine (8): 28%
NH3(aq) (2.5 mL) was added to a solution of 5 (50 mg, 0.076 mmol) in
MeOH (2.5 mL) . The mixture was stirred for 90 min at room tempera-
ture. After a removal of NH3(aq) under reduced pressure, the crude resi-
due was purified by silica gel column chromatography eluting with
CHCl3/MeOH/H2O (16:4:1 to 8:4:1 to 6:4:1) to provide pure 8 as a white
foam (78.8 mg, 93% yield); 1H NMR (500 MHz, CD3OD): d=8.10 (s, 1
H), 6.16 (t, J=6.5 Hz, 1H), 4.32 (ddd, J=6.5, 3.5, 3.25 Hz, 1 H), 4.14 (d,
J=8.0 Hz, 1 H), 3.88±3.83 (m, 2 H), 3.82±3.80 (m, 1H), 3.72±3.63 (m, 4
H), 3.56±3.48 (m, 1H), 3.38±3.42 (m, 3H), 2.30±2.35 (m, 2 H), 2.25±2.20
(m, 1H), 2.18±2.12 (m, 1 H), 1.70±1.62 (m, 2 H), and 1.60±1.57 ppm (m, 2
H); UV (in water): lmax=292.5 nm (e=3700); FAB-MS: m/z 487 [M+


+H].


Solid-phase synthesis of glycosylated oligonucleotides : Oligonucleotides
(1.0 mmol scale) were automatically synthesized on Expedite Nucleic
Acid Synthesis System using b-cyanoethylphosphoramidite chemistry and
benzimidazolium triflate as activator.[21] The galactoside-modified phos-
phoramidite 7 was dissolved in dry acetonitrile and loaded onto the ma-
chine. The coupling efficiency was monitored by the quantity of trityl
cation released. The modified phosphoramidite was introduced to ODNs
on the resin and the coupling time was prolonged. After completion of
the synthetic cycles, the ODNs were deprotected and cleaved from the
resin by treating the resin with aqueous ammonia overnight at room tem-
perature. Then the ODNs were desalted (Sephadex G-25 cartridge
column NAP-10), and purified by HPLC (eluent : 0.1m ammonium ace-
tate and CH3CN).


HPLC analysis of the enzymatic digest : TES (3 mmol), MgCl2 (0.3 mmol),
CaCl2 (1.5 mmol), DNase I (150 units), bacterial alkaline phosphatase
(0.38 mg), and nuclease P1 (4.5 units) were added to the solution of puri-
fied ODN (30 mg) in water (30 mL) , and then the total volume of the
solution was adjusted to 60 mL (pH 7.4). The mixture was incubated at 37
8C for 24 h. The enzymatic digests of ODN were analyzed on reverse-
phase HPLC eluting with a linear gradient of 0.1m ammoniumacetate
containing 1±3 % CH3CN over 60 min at 25 8C (flow rate: 1 mL min�1).
The each peak of nucleosides was assigned with these authentic samples


as follows: retention time of Gal-dU (8)=1.8 min; dC=4.7 min; dG=


13.0 min; T=14.1 min; dA=33.0 min. The composition of nucleosides in
a ODN was determined from the peak area using extinction coefficient
of each bases (dA : 15.4 î 103, dG : 11.7 î 103, dC : 7.5î 103, T : 9.2î 103,
Gal-dU (8): 3.7 î 103).


CD spectra : Double-stranded ODN samples were prepared by dissolving
galactosylated ODN with an equimolar amounts of full complementary
or half-sliding complementary ODN at [ODN]=1.13mm for 1 h in PBS
(pH 7.4). CD spectra of double strands were recorded at 25 8C under
equilibrium conditions.


Melting behavior : Double-stranded ODN samples were prepared by dis-
solving galactosylated ODN with an equimolar amounts of full comple-
mentary or half-sliding complementary ODN at [ODN]=1.13mm concen-
trations in PBS (pH 7.4). The absorbance was recorded at 260 nm as a
function of increasing temperature at 1.0 8C min�1 on a spectrophotome-
ter equipped with a thermal controller.


Estimation of organization by size exclusion chromatography : Double-
stranded ODN samples were prepared by mixing galactosylated ODN
with equimolar amounts of full complementary or half-sliding comple-
mentary ODN at [ODN]=85mm concentrations in PBS (pH 7.4) at 25 8C.
After 1 h, SEC analysis of the double- and single-strand samples (20 mL)
was performed at 25 8C eluting with PBS buffer (flow rate: 0.5 mL
min�1). Pullulan was used as the molecular weight standard.


Estimation of organization by gel electrophoresis : Double-stranded
ODN samples were prepared by mixing galactosylated ODN with equi-
molar amounts of full complementary or half-sliding complementary
ODN at several concentrations (30±150mm) in PBS (pH 7.4) at 25 8C for
1 h. The double-strand samples (10 mL) were loaded onto a 3% agarose
gel, and electrophoresis was performed in 0.5î TBE buffer (90 mm Tris
and 90mm boric acid) at 25 8C at 4 Vcm�1. DNA bands were stained in a
6 mgmL�1 ethidium bromide solution and visualized by transillumination
with ultraviolet light (310 nm) by using a DC40 camera equipped with
1D Image Analysis Software MAC ver 2.0 (Kodak Digital Science). The
length of DNA relative to the Hinf I restriction enzyme digest of fX174
was determined by agarose gel electrophoresis.


Fluorometric assay of lectin-binding : Aliquots (1 mL) of a stock solution
of 9.0 mm ODN sample were added every 25 min to a solution of FITC-
labeled RCA120 (14.6 nm, 600 mL) in PBS (pH 7.4). Fluorescence spectra
(500±600 nm) were recorded with excitation at 490 nm at 25 8C. The
change in fluorescence intensity at 520 nm (DF) was corrected for the
spontaneous quenching of FITC-labeled RCA120 in PBS.
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Extension of Conjugation Leading to Bathochromic or Hypsochromic Effects
in OPV Series


Herbert Meier,* J¸rgen Gerold, Heinz Kolshorn, and Bastian M¸hling[a]


Introduction


In the previous two decades a lot of research work was fo-
cussed on investigation of donor±acceptor-substituted conju-
gated compounds (D-p-A). The p-electron ™spacer∫ be-
tween the terminal position of D and A can consist of
double or triple bonds and/or aromatic or heteroaromatic
ring systems.


The major work was done on polyenes and polye-
nynes,[1±20] but stilbenes,[21±27] tolanes,[28] biphenyls[29] and oli-
gothiophenes[30±32] represent further examples. Among the
interesting electrical, optical and optoelectronic properties
of such compounds, the outstanding hyperpolarizabilities b


in the field of nonlinear optics (NLO) should be mentioned
here.[23,33±36]


Normally conjugated compounds such as the oligo(1,4-
phenylenevinylene)s (OPVs) exhibit a monotonous and con-


vergent bathochromic shift for the long-wavelength absorp-
tion when the conjugation is extended by an increasing
number of repeat units.[36±39] However, we recently observed
an unexpected hypsochromic effect for some OPV series
with strong donor and strong acceptor groups in the termi-
nal positions (D-OPV-A).[25±27] Altogether, as far as the
effect of extended conjugation on the electron transition is
concerned, there are three different types of D-p-A systems.
Figure 1 demonstrates the dependence of the long-wave-
length absorption on the number of repeat units: lmax(n).
Cyanines exhibit a linear relationship (constant increment
Dl for Dn = 1), whereas the merocyanines show a regular
increase in lmax(n) with a decreasing slope, so that lmax ap-
proaches a limiting value l¥.


[19,40] The third type is illustrated
in Figure 1 by the behaviour of an OPV chain with a dialkyl-
amino group as strong donor and a 2,2-dicyanovinyl group
as strong acceptor.[27]


This article reports a systematic study of the push±pull
OPVs 1a±4a, 1b±4b, 1c±4c and 1d±4d shown in Scheme 1.
We varied the number of repeat units (n = 1, 2, 3, 4) in
these oligomers and the strengths of the terminal acceptor
group. The bis(2-hexyloctyl)amino group, a strong donor,
guarantees reasonable solubility of these compounds in or-
ganic solvents such as CHCl3 or CH2Cl2.


[a] Prof. Dr. H. Meier, Dr. J. Gerold, H. Kolshorn, B. M¸hling
Institute of Organic Chemistry, University of Mainz
Duesbergweg 10-14, 55099 Mainz (Germany)
Fax: (+49)6131/39-25396
E-mail : hmeier@mail.uni-mainz.de


Abstract: Four OPV series 1±4 (a±d)
with a terminal dialkylamino group as
electron donor were prepared by
Wittig±Horner reactions. To study the
influence of the push±pull effect on the
long-wavelength absorption, three of
the four series contained terminal ac-
ceptor groups (CN, CHO, NO2). The
length of the chromophores strongly
affects the intramolecular charge trans-
fer (ICT)–an effect which superimpos-
es upon the extension of the conjuga-
tion. Increasing numbers n of repeat
units cause an overall bathochromic
shift for the purely donor-substituted
series 1a±4a and the series 1b±4b with
CN as weak acceptor. The two effects


annihilate each other in the series 1c±4
c with terminal CHO groups, so that
the absorption maxima are almost in-
dependent of the length of the chromo-
phore. A hypsochromic shift is ob-
served for the series 1d±4d, which con-
tains the strong acceptor group NO2.
This anomaly disappears on protona-
tion of the dialkylamino group because
the push±pull effect disappears in the
ammonium salts. The results can be ex-


plained by semiempirical quantum me-
chanics (AM1, INDO/S). The HOMO±
LUMO transition, which is mainly re-
sponsible for the ICT, becomes less im-
portant in the electron transitions S0!
S1 when the distance between donor
and acceptor is increased. The com-
monly used VB model, which contains
an electroneutral and a zwitterionic
resonance structure, is contrasted with
a MO model with dipole segments at
both ends of the OPV chains. The
latter model turned out to be more ap-
propriate–at least for donor±acceptor-
substituted OPVs with n � 2.


Keywords: absorption ¥
conjugation ¥ intramolecular charge
transfer ¥ oligomers ¥ push±pull
effect
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Results and Discussion


Synthesis : The synthetic strategy for the preparation of the
compounds 1±4 (a±d) was based on the series of the alde-
hydes 6 and 1c±4c (Scheme 2). The parent 4-dialkylamino-
benzaldehyde 6 was obtained in high yields by Vilsmeier for-
mylation of the corresponding aniline 5. The phosphonate 7
then served for the stepwise extension of the conjugated
chain by application of the Wittig±Horner reaction: 6!1
c!2c!3c!4c ; for this purpose phosphonate 7 contains a
protected formyl group, which is deprotected in the acidic
workup of the PO-activated olefination, so that the com-
pound can be directly used for the subsequent reaction
step.The OPV series 1a±4a, 1b±4b and 1d±4d were then
obtained in convergent syntheses by treatment of the corre-
sponding aldehydes 1c±3c with the corresponding phospho-
nates 8a, 8b or 8d (Scheme 3). Phosphonate 8a, without a
p-substituent, afforded the purely donor-substituted systems
1a, 2a, 3a and 4a. The cyano- or nitro-substituted com-
pounds 1b±4b and 1d±4d, respectively, were obtained in an


analogous way (Scheme 3). The
individual yields differ between
24 and 94%.


The Wittig±Horner reaction
shows a high trans selectivity;
the usual trans/cis ratio for stil-
benoid compounds is in the
range of 95:5. Recrystallization,
wherever possible, is the sim-
plest way to get rid of the 5%
cis isomers, because the solubil-
ity of the trans products is
always much lower in this
series. Waxy or oily products
were purified by column chro-
matography on silica gel.


Push±pull effect : The push±pull
character of the compounds 1


b±1d can be explained by considering dipolar resonance
structures (Scheme 4). The longer the distance between A
and D, the higher is the energy for the charge separation,
which is represented by the participation of the quinoid res-
onance structure (Model A). As an alternative to an extend-
ed quinoid chain, we suggest a Model B, with two terminal
partial dipole moments m1 and m2, which have the same di-
rection and add to the overall dipole moment m. It is impor-
tant to notice that the experimentally determined m for the
ground state S0 decreases with increasing distance between
A and D (increasing numbers n).[26] In terms of Model A
that would mean that the dipolar canonical structures
become less important with growing length of the chain, and
in terms of Model B that the mutual amplification of the ter-
minal dipoles is reduced with growing distance between A
and D.13C NMR spectroscopy is a suitable tool for the con-
firmation of partial positive or negative charges on certain
carbon atoms. In particular, the p-position (position a) to an
electron-withdrawing substituent A in a benzene ring and


Figure 1. Different long-wavelength absorption behaviour of conjugated oligomers: lmax as a function of the
number n of repeat units.


Scheme 1. Donor-substituted oligo(1,4-phenylenevinylene)s 1a±4a and
donor±acceptor-substituted OPV series 1b±4b, 1c±4c and 1d±4d.


Scheme 2. Preparation of the aldehyde series 1c±4c : a) POCl3, DMF;
b) 1) KOC(CH3)3/THF, 2) HCl.
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the p-position (position a’) to an electron-releasing substitu-
ent D provide a good indication of the charge distribu-
tion.[41,42] Moreover, the polarisation of the adjacent olefinic
double bonds should be important. In Model A the polarisa-
tion effect should go through the whole chain from D to A,
in Model B it should decline from both ends of the chain to
the centre.


The 13C chemical shifts of the selected positions a(’), b(’)


and c(’) (Scheme 4) of unsubstituted trans-stilbene and the
compounds 1a±3a, 1b±3b, 1c±3c and 1d±3d are listed in
Table 1. The assignment of the signals is based on normal
and long-range 1H,13C shift correlation measurements. (The
solubility of 4a±4d in CDCl3 at room temperature was too
low for exact chemical shifts to be obtained.) Table 1 reveals
that the presence of the dialkyl-
amino group as electron donor
in 1a±3a leads to a significant
high-field shift of 13.2 ppm for
position a’ in comparison to the
quaternary carbon atom in
trans-stilbene and to a polarisa-
tion of the olefinic double bond
(db’±dc’ = 5.6�0.2 ppm). The
latter effect is due to an upfield
shift in position c’, which is in-
duced by a high electron densi-
ty in this position. The addition-
al presence of an electron-with-
drawing substituent in the other
terminal position of 1b±1d ac-


cordingly provokes a downfield shift of 6±8 ppm for posi-
tion a (Scheme 4 and Table 1) and a polarisation of the ole-
finic double bond, which corresponds to Dd = db’�dc’ of 10±
13 ppm. The enhanced Dd value is caused by a high electron
density in position c’ and a low electron density in posi-
tion b’. The OPVs with longer chains 2b±2d and 3b±3d
show on the acceptor side (a, b, c) the typical effect of the
electron-withdrawing substituents: namely high d values–
that is, low electron densities–for the positions a and c and
a low d value–which means a high electron density–for
position b. On the donor side (a’, b’, c’), 2b±2d and 3b±3d
have d values very close to the d values of 1a±3a. Evidently,
the donor side is only influenced by the presence of an ac-
ceptor when the conjugated ™spacer∫ is short (1b±1d with n
= 1), and not when the distance between donor and accept-
or group is longer (n �2). Moreover, the d values of posi-
tions a and c or their mean can be taken in each series with
equal numbers n for a rough scale of the acceptor strength.
This argument furnishes an increasing acceptor strength in
the sequence CN<CHO<NO2. The


13C data are in good
accordance with charge densities calculated by the AM1
method. Scheme 5 shows the polarisation of the olefinic
double bonds for the series 1d±4d. The highest difference
Dq in partial charges was found for 1d. An increase in the


Scheme 3. Preparation of the OPVs 1a, 1b, 1d, 2a, 2b, 2d, 3a, 3b, 3d
and 4a, 4b, 4d by Wittig±Horner reactions: a) NaH, DME or
KOC(CH3)3 in DMF or THF.


Table 1. Selected 13C NMR data of the OPV series 1a±3a, 1b±3b, 1c±3c and 1d±3d ; d values in CDCl3 for
the positions a’, b’ and c’ shown in Scheme 4, TMS as internal standard.


Compound A n a b c c’ b’ a’


(E)-stilbene 137.6 129.0 129.0
1a H 1 138.4 123.6 129.0 124.4
2a H 2 137.5 127.8 128.5 123.2 129.0 124.4
3a H 3 137.4 128.3 128.4 123.2 129.0 124.4
1b CN 1 143.1 121.4 132.8 123.2
2b CN 2 141.9 125.5 132.1 122.7 129.5 124.1
3b CN 3 141.9 126.3 132.0 123.1 129.2 124.3
1c CHO 1 144.8 122.1 132.7 123.7
2c CHO 2 143.6 126.3 132.0 122.9 129.6 124.3
3c CHO 3 143.4 126.9 131.8 123.1 129.0 124.4
1d NO2 1 145.3 120.9 133.9 123.3
2d NO2 2 144.1 125.3 133.2 122.9 129.9 124.3
3d NO2 3 143.9 125.8 132.9 123.1 129.2 124.4


Scheme 4. Models for the push±pull character of the compounds 1±4 (b±
d): A) VB model indicating the resonance of an electroneutral and a
zwitterionic canonical structure; B) MO model with dipolar segments at
the chain ends.
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D±A distance results in fairly
constant charge distributions in
both terminal double bonds and
very small effects for the inner
double bonds.


Concerning the ground state
S0, the dipolar quinoid reso-
nance structure in Model A
(Scheme 4) seems to be appro-
priate for the compounds 1b±1
d (n = 1), whereas for the
longer chains (n � 2), Model B,
containing the terminal dipoles
m1 and m2, is better.


Absorption : Table 2 shows the absorption maxima of 1d±4d
in different organic solvents. The stilbene derivative 1d ex-
hibits principally a positive solvatochromic effect. A linear


correlation with typical solvent parameters[43] such as p* or
ET(30), however, fails. In contrast to the ground state S0, the
first excited singlet state S1 should show a stronger interac-
tion of the donor and the acceptor side because of the intra-
molecular charge transfer (ICT) involved in the long-wave-
length transition. However, the donor±acceptor-substituted
compounds 2d, 3d and 4d, with longer chains (n = 2, 3, 4),
do not show a uniform solvatochromic trend. The absorp-
tion maxima in chloroform (or in dioxane), for example, are
at higher l values than in acetone.Table 3 summarises the
UV/Vis data for the OPV series 1±4 (a±d). Figure 2 illus-


trates the absorption maxima.[26] All four series converge to
ñ¥ = 23231 cm�1 for increasing numbers n of repeat units.


The donor-substituted series 1a±4a exhibits a bathochro-
mic shift in comparison to normal OPV series;[37] this sub-
stituent effect decreases with increasing n. In the donor±ac-
ceptor OPVs 1±4 (b±d), the intramolecular charge transfer
also has to be considered. The convergence behaviour[26,37]


of the transition energy EDA(n) of these series can be split
into two terms. The first term, ED(n), which relates to all
four series 1±4 (a±d), comprises the extension of the conju-
gation with increasing numbers n of repeat units. It also con-
tains the substitution effect of the donor group. The second
term, DEDA(n), takes the effect of the ICT on the transition
energies in the three push±pull series 1±4 (b±d) into ac-


count; this effect decreases with increasing n. The exponents
a and Da characterise the rate of the convergence[26] [Eq. (1)
and Eq. (2)].


EDAðnÞ ¼ EDðnÞ�DEDAðnÞ ð1Þ


EDAðnÞ ¼ E1 þ ½EDð1Þ�E1�e�aðn�1Þ�½EDð1Þ�EDAð1Þ�e�Daðn�1Þ


ð2Þ


Scheme 5. Polarization of the double bonds in the series (H3C)2N-
OPV(n)-NO2: Charge differences Dq between the olefinic carbon atoms
calculated by AM1 (Dq in fractions of the elemental charge, positive and
negative signs are related to unsubstituted trans-stilbene).


Table 2. Absorption maxima lmax [nm] of the long-wavelength bands of
the OPV series 1d±4d in different solvents.


Solvent 1d 2d 3d 4d


cyclohexane 436 433 429 [a]


dioxane 443 441 435 433
chloroform 462 448 436 432
dichloromethane 460 449 436 430
acetone 450 436 429 429
acetonitrile 451 432 [a] [a]


dimethyl sulfoxide 465 [a] [a] [a]


[a] Too low solubility.


Table 3. Long-wavelength absorption maxima of the OPV series 1a±4a, 1b±4b, 1c±4c and 1d±4d (ñmax [cm
�1]


and e [cm2mmol�1] in CHCl3).
[a]


Series 1 2 3 4


a ñmax 27248 24814 23866 23474
10�3e 19.5 29.7 68.9 85


b ñmax 24691 23529 23364 23256
10�3e 21.7 48.1 63.3 86.2


c ñmax 23641 23256 23256 23256
10�3e 20.5 46.8 67.3 84.9


d ñmax 21645 22321 22936 23148
10�3e 28.8 35.4 58.8 95.9


[a] The accuracy of the ñmax values is about 50 cm�1; the accuracy of the e values is in the range of 103–only
for 4a is it somewhat higher–because of the low solubilities of these compounds.


Figure 2. Long-wavelength absorption maxima of the OPV series 1a±4a
(*) 1b±4b (~), 1c±4c (&) and 1d±4d (!) in chloroform. The fitted
curves correspond to Equation (1).
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The extension of the conjugation in the series of conjugat-
ed oligomers leads to the usual bathochromic shift. The
effect of the ICT, however, is diminished by the growing ex-
tension of the chromophores. The two effects are thus oppo-
site to each other and the crucial question is, which effect
predominates? Table 3 and Figure 2 give the answer. Rela-
tively weak acceptors such as the CN group in this case lead
to an overall bathochromic shift for 1b±4b. In the formyl
series 1c±4c, the two effects annihilate each other almost
completely; this means that the extension of the conjugated
chromophores has almost no influence on the energy of the
electron transition (Figure 2 and Figure 3)! Strong acceptors
such as NO2 in 1d±4d provoke an overall hypsochromic
effect, because the reduced effect of the ICT with growing n
[second term in Equation (1)] cannot be compensated by
the ™conjugation effect∫ [first term in Equation (1)].


The push±pull character of the compounds 1±4 (b±d) dis-
appears as soon as the dialkylamino groups are protonated.
UV measurements in CHCl3/CF3COOH (10:1) showed a
hypsochromic shift for the long-wavelength absorptions of
all systems. The most interesting result was obtained for the
series 1d±4d (Figure 4), in which the ™abnormal∫ hypso-
chromic effect for increasing n is reversed by protonation.
In terms of Model B, two opposite terminal dipoles m1 and
m2 are present in the ammonium structure; therefore, the
™conjugation effect∫ prevails.


The common limiting value
E¥ (in CHCl3) of all four series
1±4 (a±d) is ñ¥ = 23231�
12 cm�1 (Figure 2), which corre-
sponds to l¥ = 430.5�0.5 nm.
The effective conjugation
length[37,44] nECL amounts to 6
for the series 1a±4a and to 5
for 1d±4d. Because the oppo-


site effects ED(n) and DEDA(n) are comparable in size, the
nECL values for 1b±4b and particularly for 1c±4c are ex-
tremely low: namely 4 and 2, respectively. The convergence
parameters of the four series are listed in Table 4.


Normal OPV series without terminal donor and acceptor
groups have much longer effective conjugation lengths:
namely nECL of 10 and 11.[37] Compounds with n>nECL in a
certain series exhibit absorption intensities emax(n)>emax(-
nECL), but their bands are at the limiting value: lmax(n) =


lmax(nECL). Recently, confirmation in the OPV series was
provided by the synthesis of a monodisperse pentadecam-
er.[38,45]


Quantum mechanics : The remaining question now is, why is
the effect of the ICT on the transition energies of the D-
OPV-A compounds 1±4 (b±d) reduced by increasing length
of the chromophores (increasing numbers (n) of repeat
units)? The answer is given by quantum chemical calcula-
tion (AM1, INDO/S)[46] of the ground states S0 and their
electronic transitions (Model B, Scheme 4).[48] For increasing
n, other p orbitals approach the p (HOMO) and other p* or-
bitals p* (LUMO). The HOMO±LUMO transition is com-
bined with a large ICT, but the participation of the
HOMO!LUMO transition in the electronic excitation of
the long-wavelength transition decreases with increasing n.
Figure 5a demonstrates this effect for the unsubstituted
OPV series and for the push±pull OPVs with dimethylamino
groups and cyano or nitro groups in the terminal positions.


Figure 3. Bathochromic term ED(n) and hypsochromic term EDA(n) ac-
cording to Equation (1). [The exponential fitting of the curves is based
on the parameters E¥= 23231�12 cm�1, a = 0.93�0.01 and Da =


0.76�0.04 for 1b±4b, 0.87�0.02 for 1c±4c and 0.86�0.03 for 1d±4d.]


Figure 4. Reversal of the hypsochromic effect by protonation: absorption
maxima of the series 1d±4d (n = 1±4) in CHCl3 (c*c) and in
CHCl3/CF3COOH 10:1 (c&c).


Table 4. Convergence parameters in Equation (2) for the OPV series 1a±4a, 1b±4b, 1c±4c and 1d±4d (the
limits of error of about �1 nm relate to the fitting and not to inaccuracy of the spectrometer).


Series a Da ED(1)�EDA(1) nECL


1a±4a 0.93�0.01 ± 0 6
1b±4b 0.93�0.01 0.76�0.04 2557 4
1c±4c 0.93�0.01 0.87�0.02 3607 2
1d±4d 0.93�0.01 0.86�0.03 5603 5
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Figure 5b shows the dependence of DEDA, the term based
on the ICT, on the percentage of the HOMO±LUMO par-
ticipation; DEDA approaches 0 with decreasing HOMO±
LUMO involvement (increasing n). In accordance with
Model B in Scheme 4, the interaction of the acceptor side
and the donor side is getting smaller and smaller, the longer
the chain is. The influence of the acceptor on the electron
transition can be completely neglected for n>4. The long-
wavelength absorption of the three D-OPV-A series ap-
proaches the absorption of the purely donor-substituted
series 1a±4a.[49]


A direct illustration of the decrease in the intramolecular
charge transfer is given in Figure 6. This shows the orbitals
mainly involved in the long-wavelength transition of
(CH3)2N-OPV(n = 4)-NO2. The HOMO!LUMO transi-


tion is characterized by the
greatest ICT, but its participa-
tion–at 9%–is very low. The
other, more involved, transi-
tions are combined with a
smaller intramolecular charge
transfer (HOMO�1!LUMO
and HOMO!LUMO+1) or
almost none (HOMO�1!
LUMO+1).


The ICT associated with the
electronic excitation S0!S1


leads to a considerable increase
in the dipole moments m.
Figure 7 shows Dm =


m(S1)�m(S0) in relation to the
number m of p electrons in the
calculated series with dimethyl-
amino groups as donors and
CN or NO2 groups as acceptors.
The diagram confirms the de-
crease in the ICT with increas-
ing m–directly related to the
numbers n of repeat units
(m = 6 + 8n)–for the OPV
systems. For comparison we per-
formed an AM1/INDO/S calcu-
lation of the polyene series with
terminal dimethylamino and
nitro groups; Dm increases first
with growing m = 2n, reaches
its maximum for n = 7, and
then steadily decreases. Inter-
estingly, the decrease in Dm


starts in the polyene series at 14
p electrons, which is exactly the
number of p electrons in the
OPV chains with n = 1.[50]


Of course, it would be very
interesting to compare the cal-
culated Dm values with experi-
mental data. Related push±pull-
substituted polyene series show
growing Dm values with increas-


ing n,[19, 51] but n = 7 has not so far been experimentally
reached in these series. Nevertheless, one should be careful
in comparing calculated dipole moments of the neat mole-
cules with measured dipole moments in a solvent.


In contrast to Model B (Scheme 4), which is an MO de-
scription, Model A is a valence bond model.[52] Equation (3)
and Equation (4) describe the wave functions for the ground
state S0 and the electronically excited state S1 on the basis of
an electroneutral and a zwitterionic resonance structure.
Several proposals for the experimental determination of the
™weight∫ of the two resonance structures have been made.
R. Wortmann et al. proposed Equation (5) for the parameter
c2, which characterises the mixing depending on the transi-
tion moment m01 and the difference Dm in the dipole mo-
ments.[53±55]


Figure 5. a) Decreasing participation of the HOMO!LUMO transition in the long-wavelength absorption
(calculated by AM1, INDO/S) with increasing numbers (n) of repeat units; b) dependence of the ICT term
DEDA on the fraction of the HOMO±LUMO transition in the long-wavelength transition of the oligomer
series 1b±4b and 1d±4d.
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YðS0Þ ¼ cYZ�
ffiffiffiffiffiffiffiffiffiffi
1�c2


p
Yn ð3Þ


YðS1Þ ¼
ffiffiffiffiffiffiffiffiffiffi
1�c2


p
Yz þ cYn ð4Þ


c2 ¼ 1
2


�
1� Dmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


4m2
01 þ Dm2


q
�


ð5Þ


Apart from Dm, which can be obtained from, for example,
electrooptical absorption measurements, the transition
moment m01 has to be evaluated from the absorption intensi-
ty. The ratio of Dm and the difference D in the dipole mo-
ments of the zwitterionic and the electroneutral resonance
structure is expressed in Equation (6).


Dm


D
¼ 1�2c2 ð6Þ


The negative value of this ratio was taken by Barzoukas
et al.[56] as a parameter MIX for the characterization of the
™mixing∫ of the two resonance structures.[57] Finally, Marder
et al.[58±61] introduced the parameter BLA (bond length alter-
nation), which is related to the p bond order alternation and
empirically related to MIX by Equation (7).[56]


BLA ðin A
 Þ ¼ 0:11 MIX ð7Þ


Increasing numbers n of repeat units in the oligomer
series produce an increasing distance between D and A and
should therefore lead to increasing D values. Electrooptical
absorption measurements[26] gave an almost constant
value[62] of 1–2c2 = 0.80�0.07 for the series 1d±3d. There-
fore, as to Equation (6), Dm should grow with D for increas-
ing n. This was not found, either experimentally[26] or by the
INDO/S calculation. The calculation illustrated in Figure 7
even reveals a decrease in Dm with increasing n in the series
R2N-OPV(n = 1±4)-NO2.


The valence bond (VB) concept with a certain ™mixture∫
of an electroneutral and a zwitterionic resonance structure
for the ground state S0 and the ™reversed mixture∫ for the


first excited singlet state S1 is
obviously not appropriate for
D-OPV(n)-A series with very
low c2 values (c2<0.1) and cor-
responding MIX values. The
VB concept is certainly much
better for systems close to the
so-called cyanine limit (c2 =


0.5, MIX = 0). The BLA value
is also problematic for stilbe-
noid compounds, because it is
restricted to very small bond
length changes in the olefinic
segments; the benzene rings try
to keep their equalised bond
lengths.


It was stated in the Introduc-
tion that D-p-A systems de-
serve their attention mainly be-
cause of their NLO properties.


It therefore remains here to discuss the second order hyper-
polarizabilities b0. Although Equation (8) is based on a two-
state level,[63] it is useful for prediction of the b0 values.


b0 ¼ 6m2
01Dml


2
max


h2c20
ð8Þ


For many D-p-A systems, the transition moment m01, the
difference of the dipole moments Dm and lmax increase with
increasing numbers n of repeat units; this means that b0 in-
creases with n too. For the series 1d±3d, however, m2


01¥Dm in-
creases with increasing n, but l2max decreases.


[26] Nevertheless,
b0(n) should show an enhancement with the extension of the
chromophore. On the basis of Equation (8) and the obtained
values of m and Dm[26] for 1d, 2d and 3d we calculated b0


values of 198, 287 and 346î10�50 Cm3V�2, respectively.


Figure 6. Participation (%) of the two highest occupied p orbitals and the
two lowest unoccupied p* orbitals in the long-wavelength absorption of
(CH3)2N-OPV(n = 4)-NO2.


Figure 7. Calculated changes in the dipole moments Dm = m(S1)�m(S0) on electron excitation in the three
series of conjugated oligomers indicated. The numbers m represent the numbers of p electrons in the chain be-
tween donor and acceptor.
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Conclusion


The D-OPV-A series 1b±4b, 1c±4c and 1d±4d (with n =


1±4 each) and terminal donor±acceptor substitution were
prepared by application of Wittig±Horner reactions and
compared to the purely donor-substituted series 1a±4a (n =


1±4). Solubilizing bis(2-hexyloctyl)amino groups served as
electron donors, cyano (b), formyl (c) and nitro (d) groups
as acceptors. The long-wavelength absorption (S0!S1)
shows a bathochromic effect for 1a±4a and 1b±4b, almost
no influence of the extension of the chromophore for 1c±4c
and a hypsochromic shift in the series 1d±4d. The lmax


values of the four series approach the same limiting value
l¥. The absorption intensity grows with increasing numbers
n of repeat units in all four series. Extension of the conjuga-
tion leads in 1a±4a to a bathochromic shift, which is en-
hanced in the push±pull systems 1±4 (b±d) by the effect of
an intramolecular charge transfer (ICT). However, the
effect of the ICT on the transition energy is strongly reduced
by increasing distance between D and A. For A = CN the
™conjugation effect∫ dominates over the ™ICT-induced re-
duction∫, for A = CHO the two effects annihilate each
other, and for the strongest acceptor, the nitro group, an
overall hypsochromic effect results. (Apart from the donor
and acceptor strengths, the connecting ™p spacer∫ has an im-
portant influence on the question of which of the two effects
prevails. A polyene chain permits a better D±A interaction
than an OPV chain). Protonation of the dialkylamino group
leads to the disappearance of the push±pull effect; conse-
quently, the protonated series 1±4 (b±d) all exhibit a normal
bathochromic effect with extension of the conjugation.


The empirical separation into two opposite effects (quan-
tified by exponential functions) can be justified by semiem-
pirical quantum mechanics (AM1, INDO/S). It turned out
that the fraction of HOMO!LUMO transition in S0!S1 is
strongly reduced with increasing n. The percentage of the
involved HOMO±LUMO transition correlates with the term
DEDA of the ICT effect. Moreover, the calculations predict
that the enhancement of the dipole moments Dm =


m(S1)�m(S0) should also be reduced with growing n. An in-
teresting comparison with push±pull-substituted polyenes,
concerning the dependence of Dm on the number m of p


electrons in the chain, was made.
The absorption behaviour of the D-OPV-A systems is dis-


cussed in terms of the usual VB model with an electroneu-
tral (Yn) and a zwitterionic (Yz) resonance structure. As an
alternative, an MO model with terminal dipole moments is
suggested. The charge distribution in the ground state S0,
checked by 13C NMR measurements, as well as the ICT, in-
volved in the transition to the first excited singlet state S1,
reveal that the VB model is suitable for the stilbenes (n =


1); for the higher OPVs (n = 2±4), the MO model is much
better.


Experimental Section


General remarks : The melting points were measured on a B¸chi melting
point apparatus and are uncorrected. The 1H and 13C NMR spectra were


recorded on Bruker AM 400 and AC 200 spectrometers with CDCl3 as
solvent unless otherwise stated, with TMS as internal standard. The FD
mass spectra were obtained on a Finnigan MAT 95 instrument. The UV/
Vis absorption spectra were taken on a Zeiss MCS 320/340 machine.
Silica gel (E. Merck 60, 70±230 mesh ASTM) was used for column chro-
matography. Elemental analyses were performed in the microanalytical
laboratory of the Institute of Organic Chemistry of the University of
Mainz, Germany.


4-[Bis(2-hexyloctyl)amino]benzaldehyde (6): This compound was pre-
pared according to the literature.[64]


Diethyl 4-(diethoxymethyl)benzylphosphonate (7): This compound was
prepared according to the literature.[65]


General procedure for the Wittig±Horner reactions


Method A : Equimolar amounts of the appropriate aldehyde and the cor-
responding phosphonate, dissolved in dry DMF or THF, were dropped
into a solution of potassium tert-butoxide (slight excess) in the same sol-
vent. The mixture was stirred at room temperature for 1 h and then
poured onto crushed ice. The aqueous phase was extracted three times
with dichloromethane and the combined organic phases were dried over
Na2SO4. After removal of the solvent, the residue was purified either by
silica gel column chromatography or by recrystallization or both.


Method B : A solution of the phosphonate in dry dimethoxyethane
(DME) was added dropwise to a suspension of NaH (slight excess) in the
same solvent. After the system had been stirred for 15 min at room tem-
perature, a solution of an equimolar amount of the corresponding alde-
hyde in DME was added. The reaction mixture was heated at reflux for
3 h and carefully quenched with MeOH/H2O 1:1. The purification was
performed as described for Method A.


4-(E)-2-{4-[Bis(2-hexyloctyl)amino]phenyl}ethenyl)benzaldehyde (1c):
This compound was prepared from 6 and 7 as described in the General
Procedure (Method A) described above. The crude material was chroma-
tographed on silica gel (50î3 cm) with petroleum ether (b.p. 40±70 8C)/
ethyl acetate 2:1 to give 87% of an orange oil. 1H NMR (200 MHz,
CDCl3): d = 0.87 (t, 12H; CH3), 1.25 (m, 40H; CH2), 1.84 (m, 2H; CH),
3.23 (d, 4H; NCH2), 6.63 (AA’ of AA’MM’, 2H; aromat. H), 6.88 (d, 3J
= 16.1 Hz, 1H; olefin. H), 7.18 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.38
(MM’, 2H; aromat. H), 7.56 (m, 2H; aromat. H), 7.80 (m, 2H; aro-
mat. H), 9.94 (s, 1H; CHO) ppm; 13C NMR (50.3 MHz, CDCl3): d =


14.0 (CH3), 22.6±31.8 (CH2, superimposed), 35.7 (CH), 56.7 (NCH2),
112.8, 126.1, 128.2, 130.2 (aromat. CH), 122.1, 132.7 (olefin. CH), 123.7,
134.5, 144.8, 148.9 (aromat. Cq), 191.0 (CHO) ppm; FD MS: m/z (%):
616 (100) [M]+ ; elemental analysis calcd (%) for C43H69NO (616.0): C.
83.84, H 11.29, N 2.27; found: C 83.98, H 10.90, N 2.46.


4-{(E)-2-[4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phenyl}ethenyl)phenyl]-
ethenyl}benzaldehyde (2c): This compound was prepared from 1c and 7
as described in Method A. Recrystallization from ethyl acetate gave 77%
of orange crystals; m.p. 98 8C; 1H NMR (400 MHz, CDCl3): d = 0.87 (t,
12H; CH3), 1.25 (m, 40H; CH2), 1.84 (m, 2H; CH), 3.21 (d, 4H; NCH2),
6.63 (m, 2H; aromat. H), 6.86 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.06 (d,
3J = 16.1 Hz, 1H; olefin. H), 7.10 (d, 3J = 16.4 Hz, 1H; olefin. H), 7.24
(d, 3J = 16.4 Hz, 1H; olefin. H), 7.36 (m, 2H; aromat. H), 7.45 (m, 2H;
aromat. H), 7.49 (m, 2H; aromat. H), 7.63 (m, 2H; aromat. H), 7.84 (m,
2H; aromat. H), 9.97 (s, 1H; CHO) ppm; 13C NMR (100.6 MHz, CDCl3):
d = 14.0 (CH3), 22.6±31.8 (CH2, superimposed), 35.6 (CH), 56.6 (NCH2),
112.8, 126.2, 126.7, 127.1, 127.6, 130.1 (aromat. CH), 122.9, 126.3, 129.6,
132.0 (olefin. CH), 124.3, 134.6, 135.2, 138.8, 143.6, 148.3 (aromat. Cq),
191.3 (CHO) ppm; FD MS: m/z (%): 718 (100) [M]+ ; elemental analysis
calcd (%) for C51H75NO (717.9): C 85.30, H 10.53, N 1.95; found: C
85.29, H 10.51, N 1.65.


4-[(E)-2-(4-{(E)-2-[4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phenyl}ethenyl)-
phenyl]ethenyl}phenyl)ethenyl]benzaldehyde (3c): This compound was
prepared from 2c and 7 as described in Method A. The crude product
was purified by column chromatography on silica gel with toluene/petro-
leum ether (b.p. 40±70 8C) 2:1, yielding orange crystals; m.p. 165 8C; 1H
NMR (400 MHz, CDCl3): d = 0.88 (t, 12H; CH3), 1.26 (m, 40H; CH2),
1.84 (m, 2H; CH), 3.21 (d, 4H; NCH2), 6.63 (m, 2H; aromat. H), 6.86 (d,
3J = 16.1 Hz, 1H; olefin. H), 7.06 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.10,
7.13 (m, 3H; olefin. H), 7.26 (d, 3J = 16.6 Hz, 1H; olefin. H), 7.36 (m, 2
H; aromat. H), 7.46 (™s∫, 4H; aromat. H), 7.51 (™s∫, 4H; aromat. H),
7.63 (m, 2H; aromat. H), 7.85 (m, 2H; aromat. H), 9.98 (s, 1H;
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CHO) ppm; 13C NMR (100.6 MHz, CDCl3): d = 14.0 (CH3), 22.6±31.8
(CH2, superimposed), 35.6 (CH), 56.7 (NCH2), 112.8, 126.2, 126.8, 126.8,
126.8, 127.2, 127.5, 130.1 (aromat. CH), 123.1, 126.9, 127.1, 129.0, 129.1,
131.8 (olefin. CH), 124.4, 135.4, 135.4, 135.6, 137.8, 138.1, 143.4, 148.2 (ar-
omat. Cq) ppm; FD MS: m/z (%): 820 (100) [M]+ ; elemental analysis
calcd (%) for C59H81NO (820.3): calcd. C 86.39, H 9.95, N 1.71; found: C
86.39, H 9.84, N 1.77.


4-((E)-2-{4-[(E)-2-(4-{(E)-2-[4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phen-
yl}ethenyl)phenyl]ethenyl}phenyl)ethenyl]phenyl}ethenyl)benzaldehyde
(4c): This compound was prepared from 3c and 7 as described in Meth-
od A. The crude product was purified by column chromatography on
silica gel with CH2Cl2 as eluent, yielding 62% orange crystals; m.p. 195
8C; 1H NMR (400 MHz, CHCl3): d = 0.87 (t, 12H; CH3), 1.24 (m, 40H;
CH2), 1.83 (m, 2H; CH), 3.20 (d, 4H; NCH2), 6.61 (m, 2H; aromat. H),
6.86 (d, 3J = 16.4 Hz, 1H; olefin. H), 7.03 (d, 3J = 16.3 Hz, 1H; ole-
fin. H), 7.09, 7.12, 7.24, (3 m, 6H; olefin. H), 7.35 (m, 2H; aromat. H),
7.45 (m, 4H; aromat. H), 7.50 (™s∫, 4H; aromat. H), 7.52 (™s∫, 4H; aro-
mat. H), 7.64 (m, 2H; aromat. H), 7.85 (m, 2H; aromat. H), 9.97 (s, 1H;
CHO) ppm; FD MS: m/z (%): 923 (100) [M+H]+ ; elemental analysis
calcd (%) for C67H87NO (922.4): C 87.24, H 9.51, N 1.52; found: C 87.18,
H 9.38, N 1.69.


Diethyl benzylphosphonate (8a), diethyl 4-cyanobenzylphosphonate (8b)
and diethyl 4-nitro-benzylphosphonate (8d): These compounds were pre-
pared according to the literature: 8a,[66] 8b,[67, 68] 8d.[69]


N,N-Bis(2-hexyloctyl)-4-[(E)-2-phenylethenyl]aniline (1a): This com-
pound was prepared from 6 and 8a as described in Method B. The crude
product was purified by column chromatography on silica gel with petro-
leum ether (b.p. 40±70 8C), yielding 57% of a yellow oil. 1H NMR
(200 MHz, CDCl3): d = 0.89 (t, 12H; CH3), 1.27 (m, 40H; CH2), 1.85
(m, 2H; CH), 3.22 (d, 4H; NCH2), 6.64 (d, 2H; aromat. H), 6.88 (d, 3J =


16.4 Hz, 1H; olefin. H), 7.04 (d, 3J = 16.4 Hz, 1H; olefin. H), 7.18 (m, 1
H; aromat. H), 7.35 (m, 4H; aromat. H), 7.47 (m, 2H; aromat. H) ppm;
13C NMR (100.6 MHz, CDCl3): d = 14.1 (CH3), 22.7±31.9 (CH2, superim-
posed), 35.6 (CH), 56.8 (NCH2), 112.8, 126.0, 126.5, 127.6, 128.6 (aro-
mat. CH), 123.6, 129.0 (olefin. CH), 124.5, 138.5, 148.1 (aromat. Cq) ppm;
FD MS: m/z (%): 588 (100) [M]+ ; elemental analysis calcd (%) for
C42H69N (588.0): C 85.79, H 11.83, N 2.38; found: C 85.88, H 12.16, N
2.66.


N,N-Bis(2-hexyloctyl)-4-((E)-2-{4-[(E)-2-phenylethenyl]phenyl}ethenyl)-
aniline (2a): This compound was prepared from 1c and 8a as described
in Method A. The crude product was purified by column chromatography
on silica gel with petroleum ether (b.p. 40±70 8C), yielding 36% of a
yellow wax. 1H NMR (400 MHz, CDCl3): d = 0.89 (t, 12H; CH3), 1.26
(m, 40H; CH2), 1.84 (m, 2H; CH), 3.22 (d, 4H; NCH2), 6.64 (m, 2H; ar-
omat. H), 6.88 (d, 3J = 16.4 Hz, 1H; olefin. H), 7.05 (d, 3J = 16.4 Hz, 1
H; olefin. H), 7.10 (™s∫, 2H; olefin. H), 7.24 (m, 1H; aromat. H), 7.36
(m, 4H; aromat. H), 7.46 (m, 4H; aromat. H), 7.51 (m, 2H; aro-
mat. H) ppm; 13C NMR (100.6 MHz, CDCl3): d = 14.1 (CH3), 22.7±31.9
(CH2, superimposed), 35.6 (CH), 56.8 (NCH2), 112.7, 126.2, 126.4, 126.8,
127.4, 127.6, 128.7 (aromat. CH), 123.2, 127.8, 128.5, 129.0 (olefin. CH),
124.4, 135.5, 137.5, 137.9, 148.1 (aromat. Cq) ppm; FD MS: m/z (%): 691
(100) [M+H]+ ; elemental analysis calcd (%) for C50H75N (690.2): C
87.02, H 10.95, N 2.03; found: C 86.72, H 10.95, N 1.97.


N,N-Bis(2-hexyloctyl)-4-{(E)-2-[4-((E)-2-{4-[(E)-2-phenylethenyl]phen-
yl}ethenyl)phenyl]ethenyl}aniline (3a): This compound was prepared
from 2c and 8a as described in Method B. The crude product was recrys-
tallized from ethyl acetate, yielding 38% of yellow crystals; m.p. 158 8C;
1H NMR (400 MHz, CDCl3): d = 0.88 (t, 12H; CH3), 1.26 (m, 40H;
CH2), 1.84 (m, 2H; CH), 3.22 (d, 4H; NCH2), 6.64 (m, 2H; aromat. H),
6.87 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.05 (d, 3J = 16.1 Hz, 1H; ole-
fin. H), 7.10 (m, 2H; olefin. H), 7.11 (™s∫, 2H; olefin. H), 7.25 (m, 1H;
aromat. H), 7.36 (m, 4H; aromat. H), 7.46 (m, 4H; aromat. H), 7.50 (™s∫,
4H; aromat. H), 7.51 (m, 2H; aromat. H) ppm; 13C NMR (100.6 MHz,
CDCl3): d = 14.1 (4C; CH3), 22.7±31.9 (CH2, superimposed), 35.6 (CH),
56.7 (NCH2), 112.7, 126.2, 126.5, 126.8, 126.8, 126.8, 127.6, 127.6, 128.7
(aromat. CH), 123.2, 127.4, 128.3, 128.4, 128.4, 129.0 (olefin. CH), 124.4,
135.5, 136.5, 136.9, 137.4, 137.9, 148.1 (aromat. Cq) ppm; FD MS: m/z
(%): 793 (100) [M+H]+ ; elemental analysis calcd (%) for C58H81N
(792.3): C 87.93, H 10.30, N 1.77; found: C 87.54, H 10.02, N 1.73.


N,N-Bis(2-hexyloctyl)-4-[(E)-2-(4-{(E)-2-[4-((E)-2-{4-[(E)-2-phenylethen-
yl]phenyl}ethenyl)phenyl]ethenyl}phenyl)ethenyl]aniline (4a): This com-
pound was prepared from 3c and 8a as described in Method B. The
crude product was purified by column chromatography on silica gel with
CHCl3, yielding 24% of a yellow wax. 1H NMR (400 MHz, CDCl3): d =


0.87 (t, 12H; CH3), 1.24 (m, 40H; CH2), 1.83 (m, 2H; CH), 3.21 (d, 4H;
NCH2), 6.61 (m, 2H; aromat. H), 6.86 (d, 3J = 16.0 Hz, 1H; olefin. H),
7.04 (d, 3J = 16.0 Hz, 1H; olefin. H), 7.11 (m, 6H; olefin. H), 7.25 (m, 1
H; aromat. H), 7.35 (m, 4H; aromat. H), 7.46 (m, 4H; aromat. H), 7.50
(m, 10H; aromat. H) ppm; FD MS: m/z (%): 894 (100) [M]+ ; C66H87N
(894.4): after careful drying in vacuum the compound still contained
some solvent; therefore a correct elemental analysis could not be ob-
tained.


4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phenyl}ethenyl)benzonitrile (1b):
This compound was prepared from 6 and 8b as described in Method A.
The crude product was purified by column chromatography on silica gel
with petroleum ether (b.p. 40±70 8C)/ethyl acetate 30:1, yielding 70% of
yellow crystals; m.p. 60 8C; 1H NMR (200 MHz, CDCl3): d = 0.87 (t, 12
H; CH3), 1.25 (m, 40H; CH2), 1.84 (m, 2H; CH), 3.23 (d, 4H; NCH2),
6.63 (m, 2H; aromat. H), 6.82 (d, 3J = 16.4 Hz, 1H; olefin. H), 7.12 (d,
3J = 16.4 Hz, 1H; olefin. H), 7.36 (m, 2H; aromat. H), 7.48 (m, 2H; aro-
mat. H), 7.56 (m, 2H; aromat. H) ppm; 13C NMR (100.6 MHz, CDCl3): d
= 14.1 (CH3), 22.7±31.9 (CH2, superimposed), 35.6 (CH), 56.7 (NCH2),
109.0, 123.2, 143.1, 148.8 (aromat. Cq), 119.5 (CN), 121.3, 132.8 (ole-
fin. CH), 112.6, 126.1, 128.2, 132.4 (aromat. CH) ppm; FD MS: m/z (%):
613 (100) [M]+ ; elemental analysis calcd (%) for C43H68N2 (613.0): C
84.25, H 11.18, N 4.57; found: C 84.35, H 11.19, N 4.65.


4-{(E)-2-[4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phenyl}ethenyl)phenyl]-
ethenyl}benzonitrile (2b): This compound was prepared from 1c and 8b
as described in Method A. The crude product was purified by column
chromatography on silica gel with petroleum ether (b.p. 40±70 8C)/Et2O
20:1, yielding 57% of yellow crystals; m.p. 103 8C; 1H NMR (400 MHz,
CDCl3): d = 0.87 (t, 12H; CH3), 1.25 (m, 40H; CH2), 1.84 (m, 2H; CH),
3.21 (d, 4H; NCH2), 6.63 (m, 2H; aromat. H), 6.86 (d, 3J = 16.1 Hz, 1H;
olefin. H), 7.05 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.06 (d, 3J = 16.1 Hz, 1
H; olefin. H), 7.18 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.36 (m, 2H; aro-
mat. H), 7.46 (™s∫, 4H; aromat. H), 7.55 (m, 2H; aromat. H), 7.61 (m, 2
H; aromat. H) ppm; 13C NMR (100.6 MHz, CDCl3): d = 13.8 (CH3),
22.4±31.6 (CH2, superimposed), 35.4 (CH), 56.5 (NCH2), 110.1, 124.1,
134.2, 138.8, 141.9, 148.2 (aromat. Cq), 112.6, 126.1, 126.5, 127.0, 127.5,
132.2 (aromat. CH), 118.8 (CN), 122.7, 125.5, 129.5, 132.1 (ole-
fin. CH) ppm; FD MS: m/z (%): 715 (100) [M]+ ; elemental analysis
calcd (%) for C51H74N2 (715.2): C 85.65, H 10.43, N 3.92; found: C 85.56,
H 10.48, N 3.90.


4-[(E)-2-(4-{(E)-2-[4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phenyl}ethenyl)-
phenyl]ethenyl}phenyl)ethenyl]benzonitrile (3b): This compound was
prepared from 2c and 8b as described in Method B. Recrystallization
from ethyl acetate gave 55% of orange crystals; m.p. 162 8C; 1H NMR
(400 MHz, CDCl3): d = 0.88 (t, 12H; CH3), 1.26 (m, 40H; CH2), 1.84
(m, 2H; CH), 3.22 (d, 4H; NCH2), 6.64 (m, 2H; aromat. H), 6.87 (d, 3J
= 16.1 Hz, 1H; olefin. H), 7.05 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.07 (d,
3J = 16.2 Hz, 2H; olefin. H), 7.13 (d, 3J = 16.3 Hz, 1H; olefin. H), 7.19
(d, 3J = 16.2 Hz, 1H; olefin. H), 7.36 (m, 2H; aromat. H), 7.46 (m, 4H;
aromat. H), 7.51 (™s∫, 4H; aromat. H), 7.56 (m, 2H; aromat. H), 7.61 (m,
2H; aromat. H) ppm; 13C NMR (100.6 MHz, CDCl3): d = 14.1 (CH3),
22.7±31.9 (CH2, superimposed), 35.6 (CH), 56.7 (NCH2), 110.5, 124.1,
135.3, 135.3, 138.0, 138.2, 141.9, 148.2 (aromat. Cq), 112.7, 126.2, 126.8,
126.8, 126.8, 127.3, 127.6, 132.5 (aromat. CH), 119.0 (CN), 123.1, 126.3,
127.1, 129.1, 129.2, 132.0 (olefin. CH) ppm; FD MS: m/z (%): 817 (100)
[M]+ ; elemental analysis calcd (%) for C59H80N2 (817.3): C 86.71, H 9.87,
N 3.43; found: C 86.51, H. 9.71, N 3.18.


4-((E)-2-{4-[(E)-2-(4-{(E)-2-[4-((E)-2-{4-[Bis(2-hexyloctyl)amino]phen-
yl}ethenyl)phenyl]ethenyl}phenyl)ethenyl]phenyl}ethenyl)benzonitrile (4
b): This compound was prepared from 3c and 8b as described in Meth-
od B. The crude product was recrystallized from ethyl acetate/MeOH 2:1,
yielding 24% of orange crystals; m.p. >240 8C; 1H NMR (400 MHz,
CDCl3): d = 0.86 (t, 12H; CH3), 1.25 (m, 40H; CH2), 1.81 (m, 2H; CH),
3.19 (d, 4H; NCH2), 6.55 (m, 2H; aromat. H), 6.80 (d, 3J = 16.1 Hz, 1H;
olefin. H), 6.96 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.02 (m, 2H; olefin. H),
7.07 (m, 3H; olefin. H), 7.14 (d, 3J = 16.3 Hz, 1H; olefin. H), 7.29 (m, 2
H; aromat. H), 7.40 (m, 4H; aromat. H), 7.46 (™s∫, 4H; aromat. H), 7.48
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(™s∫, 4H; aromat. H), 7.52 (m, 2H; aromat. H), 7.57 (m, 2H; aro-
mat. H) ppm; FD MS: m/z (%): 919 (100) [M]+ ; elemental analysis calcd
(%) for C67H86N2 (919.4): C 87.53, H 9.43, N 3.05; found: C 87.16, H
9.21, N 2.83.


N,N-Bis(2-hexyloctyl)-4-[(E)-2-(4-nitrophenyl)ethenyl]aniline (1d): This
compound was prepared from 6 and 8d as described in Method A. Re-
crystallization from EtOH gave 65% of red crystals; m.p. 60±62 8C; 1H
NMR (400 MHz, CDCl3): d = 0.87 (t, 12H; CH3), 1.24 (m, 40H; CH2),
1.83 (m, 2H; CH), 3.23 (d, 4H; NCH2), 6.63 (m, 2H; aromat. H), 6.87 (d,
3J = 16.0 Hz, 1H; olefin. H), 7.17 (d, 3J = 16.0 Hz, 1H; olefin. H), 7.38
(m, 2H; aromat. H), 7.52 (m, 2H; aromat. H), 8.15 (m, 2H; aro-
mat. H) ppm; 13C NMR (100.6 MHz, CDCl3): d = 14.0 (CH3), 22.6±31.8
(CH2, superimposed), 35.6 (CH), 56.6 (NCH2), 112.7, 124.2, 125.9, 128.4
(aromat. CH), 120.9, 133.9 (olefin. CH), 123.3, 145.3, 145.8, 149.1 (aro-
mat. Cq) ppm; FD MS: m/z (%): 633 (100) [M]+ ; elemental analysis
calcd (%) for C42H68N2O2 (633.0): C 79.69, H 10.83, N 4.43; found: C
80.02, H 10.66, N 4.18.


N,N-Bis(2-hexyloctyl)-4-((E)-2-{4-[(E)-2-(4-nitrophenyl)ethenyl]phen-
yl}ethenyl)aniline (2d): This compound was prepared from 1c and 8d as
described in Method B. The residue was chromatographed on silica gel
with CH2Cl2 to give 94% of orange crystals; m.p. 94 8C; 1H NMR
(400 MHz, CDCl3): d = 0.88 (t, 12H; CH3), 1.25 (m, 40H; CH2), 1.84
(m, 2H; CH), 3.22 (d, 4H; NCH2), 6.63 (m, 2H; aromat. H), 6.87 (d, 3J
= 16.1 Hz, 1H; olefin. H), 7.08 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.10 (d,
3J = 16.1 Hz, 1H; olefin. H), 7.26 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.37
(m, 2H; aromat. H), 7.48 (™s∫, 4H; aromat. H), 7.61 (m, 2H; aromat. H),
8.20 (m, 2H; aromat. H) ppm; 13C NMR (100.6 MHz, CDCl3): d = 14.0
(CH3), 22.6±31.8 (CH2, superimposed), 35.6 (CH), 56.7 (NCH2), 112.8,
124.1, 126.3, 126.7, 127.4, 127.7 (aromat. CH), 122.9, 125.3, 129.9, 133.2
(olefin. CH), 124.3, 134.2, 139.2, 144.1, 146.6, 148.3 (aromat. Cq) ppm; FD
MS: m/z (%): 735 (100) [M]+ ; elemental analysis calcd (%) for
C50H74N2O2 (735.2): C 81.69, H 10.15, N 3.81; found: C 81.68, H 10.03, N
3.66.


N,N-Bis(2-hexyloctyl)-4-{(E)-2-[4-((E)-2-[{4-[(E)-2-(4-nitrophenyl)ethen-
yl]phenyl}ethenyl)phenyl]ethenyl}aniline (3d):[70] This compound was
prepared from 2c and 8d as described in Method A. The crude product
was purified by column chromatography on silica gel with toluene/petro-
leum ether (b.p. 40±70 8C) 1:2, yielding 24% of a red wax. 1H NMR
(400 MHz, CDCl3): d = 0.87 (t, 12H; CH3), 1.24 (m, 40H; CH2), 1.84
(m, 2H; CH), 3.23 (d, 4H; NCH2), 6.63 (m, 2H; aromat. H), 6.87 (d, 3J
= 16.3 Hz, 1H; olefin. H), 7.05 (d, 3J = 16.3 Hz, 1H; olefin. H), 7.07 (d,
3J = 16.3 Hz, 1H; olefin. H), 7.12 (d, 3J = 16.3 Hz, 1H; olefin. H), 7.14
(d, 3J = 16.3 Hz, 1H; olefin. H), 7.24 (d, 3J = 16.3 Hz, 1H; olefin. H),
7.36 (d, 2H; aromat. H), 7.46 (m, 4H; aromat. H), 7.52 (™s∫, 4H; aro-
mat. H), 7.61 (m, 2H; aromat. H), 8.20 (m, 2H; aromat. H) ppm; 13C
NMR (100.6 MHz, CDCl3): d = 14.0 (CH3), 22.6±31.8 (CH2, superim-
posed), 35.6 (CH), 56.6 (NCH2), 112.8, 124.1, 126.2, 126.7, 126.8, 126.8,
127.3, 127.5 (aromat. CH), 123.1, 125.8, 127.0, 129.2, 129.3, 132.9 (ole-
fin. CH), 124.4, 135.2, 135.2, 138.2, 138.2, 143.9, 146.7, 148.3 (aro-
mat. Cq) ppm; FD MS: m/z (%): 837 (100) [M]+ ; elemental analysis
calcd (%) for C58H80N2O2 (837.3): C 83,20, H 9.63, N 3.35; found: C
82.97, H 9.92, N 3.10.


N,N-Bis(2-hexyloctyl)-4-[(E)-2-(4-{(E)-2-[4-((E)-2-{4-[(E)-2-(4-nitrophen-
yl)ethenyl]phenyl}ethenyl)phenyl]ethenyl}phenyl)ethenyl]aniline (4d):
This compound was prepared from 3c and 8d as described in Method B.
The crude product was purified by column chromatography on silica gel
with dichloromethane as eluent; yield 52% of a red viscous wax. 1H
NMR (400 MHz, CD2Cl2): d = 0.89 (t, 12H; CH3), 1.27 (m, 40H; CH2),
1.85 (m, 2H; CH), 3.25 (d, 4H; NCH2), 6.66 (m, 2H; aromat. H), 6.88 (d,
3J = 16.1 Hz, 1H; olefin. H), 7.07 (d, 3J = 16.1 Hz, 1H; olefin. H), 7.15
(m, 2H; olefin. H), 7.19 (™s∫, 2H; olefin. H), 7.21 (d, 3J = 16.2 Hz, 1H;
olefin. H), 7.32 (d, 3J = 16.2 Hz, 1H; olefin. H), 7.36 (m, 2H; aro-
mat. H), 7.49 (m, 4H; aromat. H), 7.55 (™s∫, 4H; aromat. H), 7.59 (™s∫, 4
H; aromat. H), 7.68 (m, 2H; aromat. H), 8.21 (m, 2H; aromat. H) ppm;
FD MS: m/z (%): 939 (100) [M]+ . The compound C66H86N2O2 (939.4)
contains H2O even after careful drying in the vacuum; therefore we did
not obtain a correct elemental analysis.
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Enthalpy of Solution of 1,4-Naphthoquinone in CO2 + n-Pentane in the
Critical Region of the Binary Mixture: Mechanism of Solubility Enhancement


Tiancheng Mu, Xiaogang Zhang, Zhimin Liu, Buxing Han,* Zhonghao Li, Tao Jiang,
Jun He, and Guanying Yang[a]


Introduction


Supercritical fluids (SCFs) have some unique properties.[1]


They can be used in different processes, such as extraction
and fractionation,[2] chemical reactions,[3] and material proc-
essing,[4] and some environmentally benign SCFs can be
used as replacements for organic solvents. Moreover, super-
critical (SC) technologies have many other advantages,[5]


which will solve more challenging problems after our funda-
mental understanding of SCFs improves. It is known that
small amounts of a suitable co-solvent can enhance the solu-
bility of solutes, and can tune the reaction rates and selectiv-


ities in SCFs.[3] Co-solvent effect has played an important
role and will become more and more important in SC sci-
ence and technology. Also, the mechanism of co-solvent
effect is an interesting topic to be studied further, and is of
great importance to both pure and applied sciences.


In the recent published papers the phrases ™in the critical
region∫, or ™near the critical point∫ were used. The fluids
near their critical points have many features, which should
be investigated further. The critical region of a mixture can
be divided into a SC region and a subcritical region. Study
of the properties of the fluids in different phase regions si-
multaneously is one of the effective routes to probe their
features. In the previous paper, we conducted the first direct
measurement of enthalpy of solution (DsolvHm) of a solute in
SCF + co-solvent mixtures, and the DsolvHm of 1,4-naphtho-
quinone in CO2 + acetone and CO2 + chlorodifluorome-
thane was determined in the SC regions of the mixed sol-
vents.[6] It was demonstrated that the dissolution process
became less exothermic in the presence of the co-solvents
relative to that in pure CO2, although the co-solvents en-


[a] Dr. T. Mu, Dr. X. Zhang, Dr. Z. Liu, Prof. Dr. B. Han, Dr. Z. Li,
Dr. T. Jiang, Dr. J. He, G. Yang
Center for Molecular Science
Institute of Chemistry, Chinese Academy of Sciences
Beijing 100080 (China)
Fax: (+86)1062-559-373
E-mail : hanbx@iccas.ac.cn


Abstract: The enthalpy of solution
(DsolvHm) and solubility of 1,4-naphtho-
quinone in CO2 + n-pentane were
measured at 308.15 K in the critical
region of the binary fluid. In order to
study the effect of phase behavior of
the mixed solvent on DsolvHm, the ex-
periments were carried out in the su-
percritical (SC) and subcritical region
of the binary solvent. The density of
the mixed solvent in different condi-
tions was determined. The isothermal
compressibility (KT) of the mixed sol-
vent, and the partial molar volume (Vn-
pentane) of n-pentane in the solution
were calculated. It was demonstrated
that the DsolvHm was negative in all con-
ditions. DsolvHm is nearly independent
of pressure or density in all the sol-
vents in a high-density region, in which


compressibility of the solvent is very
small; this indicates that the intermo-
lecular interaction between the solvent
and the solute is similar to that for
liquid solutions. It is very interesting
that DsolvHm in the mixed SC fluid dif-
fers from the DsolvHm in mixed subcriti-
cal fluids. The absolute value of DsolvHm


in the mixed SC fluid is close to that in
pure SC CO2 in the high-density
region, and is much lower than that in
pure SC CO2 in the low-density region.
In the mixed subcritical fluids, the
DsolvHm is also close to that in the pure
CO2 in the high-density region. Howev-


er, at the same density, the absolute
value of DsolvHm in the binary subcriti-
cal fluid is larger than that in pure CO2


in the high-compressible region of the
mixed solvent. The main reason for
this is that the degree of clustering in
the SC solutions is small at the density
in which the degree of clustering is
large in the subcritical solutions. It can
be concluded that solubility enhance-
ment by n-pentane in the mixed SC
fluid is entropy driven. In contrast, the
solubility enhancement by n-pentane in
subcritical fluids is enthalpy driven.
The intermolecular interaction in the
SC solutions and subcritical solutions
can be significantly different even if
their densities are the same.


Keywords: co-solvent ¥ solvent
effects ¥ supercritical fluids ¥
thermodynamics
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hanced the solubility significantly. This indicated that an in-
crease in the solubility by adding the polar co-solvents re-
sulted from the increase in entropy of solution. On the basis
of the unexpected results we proposed a new mechanism for
solubility enhancement of a solute by the co-solvents in the
SC fluids.


In this work, we study the solubility and DsolvHm of 1,4-
naphthoquinone in CO2 + n-pentane mixed solvents. Ex-
periments are carried out in both the SC and subcritical
region of mixed solvents near the binary critical point. The
DsolvHm of the solute in subcritical CO2 + acetone is also de-
termined. The intermolecular interaction in the systems is
discussed.


Experimental Section


Materials : CO2 (99.995%) was supplied by Beijing Analytical Instrument
Factory. n-Pentane (99.5%) and acetone (99.5%) were produced by Bei-
jing Chemical Reagent Factory. 1,4-Naphthoquinone (99%) was obtained
from Aldrich Chemical Co., and was used as received.


Apparatus and procedures to determine the density : The densities of the
mixtures were determined by the view-cell method, and the detailed
measurements were showed in our previous work.[7] The accuracies of
temperature and pressure measurements were �0.05 K and �
0.025 MPa, respectively. In a typical experiment, the air in the view cell
was removed by vacuum, and the desired amount of the liquid chemical
(n-pentane) was charged. CO2 was then added from a sample bomb. The
mass of CO2 in the view cell was known from the mass difference of the
sample bomb before and after charging the system. The cell was placed
in a water bath at 308.15 K. After thermal equilibrium had been reached,
the piston in the optical cell was moved up and down to change the
volume and the pressure of the system. The volume of the system was
known from the position of the piston, which was calibrated accurately
by using water as a medium. It was estimated that the accuracy of deter-
mined density data was better than �0.001 g¥cm�3.


Apparatus and procedures to determine DsolvHm : The calorimeter was a
constant temperature-environment type. A detailed description of the
calorimeter and the procedure was given elsewhere.[8] It consisted mainly
of a gas cylinder, a calorimeter vessel, an equilibrium cell, a sample col-
lector, a high-pressure system, thermostats, an electric calibrator, a preci-
sion thermistor thermometer, and a datum collecting and processing
system. The accuracy of the pressure gauge, which was composed of a
transducer (FOXBORO/ICT) and an indicator, was �0.025 MPa in the
pressure range of 0±20 MPa. Temperature fluctuation of the water bath
was �0.001 K, and the sensitivity of the temperature measurement was
�0.0005 K.


The DsolvHm data reported were the average of at least three experimen-
tal runs with a reproducibility of better than �2.5%. Repeatability of
the measurement for an energy equiv-
alent was better than �0.2%.


Results


Phase behavior and the density
of the mixed solvent : In this
work we focus on how the solu-
bility and enthalpy of solution
(DsolvHm) of 1,4-naphthoqui-
none in CO2(1) + n-pentane(2)
mixed solvents change with
pressure and composition of the
mixed solvents in the critical


region of the binary mixture. The experiments were carried
out at 308.15 K. The critical composition and the critical
pressure at this temperature are x2=0.021 (mole fraction of
n-pentane) and 7.47 MPa, respectively.[9] The phase diagram
calculated from the Peng±Robinson equation of state[10] (PR
EOS), and the experimental data are shown in Figure 1. A


homogenous mixture can be regarded as vapor or supercriti-
cal fluid at the right side of the binary critical composition.
At the left side of the critical composition, the mixture is
compressed liquid or homogenous subcritical fluid when the
pressure is higher than the bubble point pressure. On the
basis of the phase behavior of the mixed solvents, we select-
ed the mixed solvents with x2=0.01, x2=0.021, and x2=0.05.
The experimental results are indicated in Figure 1 by the
vertical lines. It should be mentioned that the experiments
were carried out in a single-phase region of the mixed sol-
vents. The mixed solvent with x2=0.01 is in the SC region,
and the mixtures with x2=0.021 and 0.05 are above the
binary critical point and the bubble point, and can be re-
garded as homogeneous subcritical fluids. The densities of
the mixed solvents were determined in this work, and the
results are given in Table 1 and Figure 2.


Solubility and enthalpy of solution (DsolvHm): The solubility
and DsolvHm of 1,4-naphthoquinone in CO2(1) + n-pen-
tane(2) mixtures are listed in Table 1. The negative enthalpy


Figure 1. Phase diagram of the CO2 + n-pentane system at 308.15 K.


Table 1. The solubility (x3, mole fraction) and enthalpy of solution (DsolvHm) [kJmol�1] of the solute, and the
density (1) [molL�1] of the mixed solvent at 308.15 K and different pressures (p) [MPa].


x2=0.01 x2=0.021 x2=0.05


p 1 103îx3 �DsolvHm p 1 103îx3 �DsolvHm p 1 103îx3 �DsolvHm


7.62 8.34 0.257 274.4 7.49 12.24 1.02 285.9 7.20 14.10 2.32 363.2
7.73 9.41 0.352 244.4 7.77 13.96 1.66 209.7 7.39 14.40 2.87 288.6
7.83 10.44 0.496 223.0 7.95 14.47 1.93 169.2 7.58 14.70 3.24 233.2
7.93 11.90 0.745 163.0 8.11 14.73 2.13 128.7 7.65 14.79 3.48 196.3
8.05 13.05 1.00 88.2 8.32 15.07 2.44 101.6 7.75 14.88 3.68 176.4
8.19 13.80 1.23 77.0 8.55 15.33 2.85 72.0 7.93 15.07 4.15 150.4
8.43 14.53 1.56 63.7 8.74 15.54 3.05 56.6 8.16 15.28 4.55 117.5
8.56 14.80 1.76 55.9 8.92 15.73 3.20 48.4 8.39 15.48 5.28 87.7
8.80 15.22 2.09 41.4 9.10 15.83 3.40 43.2 8.61 15.62 5.74 64.0
8.97 15.49 2.28 37.4 9.27 15.90 3.60 38.9 8.95 15.83 6.19 52.2


9.75 16.25 4.22 31.7
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means that the dissolution process is exothermic. The results
are also presented in Figures 3, 4, and 5. The data in pure
SC CO2 is also given for comparison.[6]


Isothermal compressibility of the fluids : The isothermal
compressibility (KT) of a fluid is an important characteristic
parameter related to the solution structure.[11] The KT of
CO2 + n-pentane mixtures was calculated by using the den-
sity data in Table 1, and Equation (1).


KT ¼ 1
1


�
d1


dp


�
T


ð1Þ


In this equation 1 is the density of the fluids. The effect of
density and composition on the KT is shown in Figure 6.


Partial molar volume of n-pentane in CO2 + n-pentane mix-
tures : Eckert and co-workers[11,12] found that the partial
molar volume (Vi) of a solute in a SCF could be a large neg-
ative value in a high-compressible region. They explained
this phenomenon by ™clustering∫ of the SC solvent around
the solute. In this work, we calculated the Vn-pentane of n-pen-
tane in the n-pentane + CO2 mixtures by using the density
data in Table 1, and Equation (2).[13] Vn-pentane as a function of
density is shown in Figure 7.


Vn-pentane ¼ ð1=1�1=10Þ=m�M2=1 ð2Þ


In Equation (2) 1 and 10 are the densities of the mixed
solvent and pure solvent, respectively; M2 and m stand for
the solute molecular mass and the molality, respectively.


Figure 2. Density of CO2 + n-pentane mixtures as a function of pressure
at 308.15 K.


Figure 3. Solubility dependence of 1,4-naphthoquinone in CO2 and
CO2 + n-pentane mixtures on pressure at 308.15 K.


Figure 4. Solubility dependence of 1,4-naphthoquinone in CO2 and
CO2 + n-pentane mixtures on density at 308.15 K.


Figure 5. Enthalpy dependence of a solution of 1,4-naphthoquinone in
CO2 and CO2 + n-pentane on density at 308.15 K.


Figure 6. Dependence of isothermal compressibility of CO2 + n-pentane
mixtures on density at 308.15 K.
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Discussion


Dependence of the solubility and density on pressure : The
solvent power of a SC solvent depends mainly on its density
and the intermolecular interaction between the solvent and
the solute. The solubility increases with pressure and con-
centration of n-pentane in the solvent, as can be seen in
Figure 3. At a fixed temperature and pressure, addition of a
co-solvent to CO2 results in an increase in density, especially
in the low-pressure region, as is illustrated clearly in
Figure 2. Meanwhile, the co-solvent also influences the inter-
molecular interaction between the solvent and the solute. In
order to eliminate the effect of the density, Figure 4 demon-
strates the solubility as a function of the density of the
mixed solvent. At a fixed density, the solubility is also en-
hanced by the co-solvent, although it is nonpolar. The main
reason for this is that n-pentane is larger than CO2, and the
dispersion force between n-pentane and the solute is stron-
ger than that between CO2 and the solute. Figure 4 also
shows that the logarithm of the mole fraction of the solute
is approximately a linear function of the density of the
mixed fluid. A similar linear relationship was observed for
other SC CO2-solute systems.[14]


Enthalpy of solution in the SC region : Figure 5 shows that
DsolvHm in the mixed SC fluid (x2=0.01) is nearly the same
as that in pure CO2, and is independent of density in the
high-density region, in which the mixture is far from the
binary critical point. This is because the compressibility of
the solvents is very small at the higher-density region, as
shown in Figure 6. Therefore, the intermolecular interaction
between the solvent and solute is similar to that in ordinary
liquid solutions.In the low-density region, however, the ab-
solute value of DsolvHm is much lower than that in pure SC
CO2. Therefore, the dissolution process becomes less exo-
thermic as n-pentane is added, although the co-solvent en-
hances the solubility considerably, as shown in Figure 3 and
4. It can be concluded that the enthalpy change originated
from the addition of n-pentane is not favorable for solubility
enhancement, while the entropy change favors the dissolu-
tion of the solute, and the entropy effect is dominant. This is


discussed by using the following principles; the solubility
is related to the Gibbs free energy (DsolvGm), and the
higher the solubility is, the lower the DsolvGm is. The DsolvGm


is related to enthalpy (DsolvHm) and entropy (DsolvSm) of solu-
tion by Equations (3) or (4), in which T is the absolute tem-
perature.


DsolvGm¼ DsolvHm�TDsolvSm ð3Þ


DsolvSm¼ ðDsolvHm�DsolvGmÞ=T ð4Þ


The solubility increases as n-pentane is added as shown in
Figures 3 and 4, this indicates that DsolvGm decreases with
the addition of the co-solvent. Addition of n-pentane results
in a decrease in the absolute value of DsolvHm, which is not
favorable for solubility enhancement, as can be confirmed
from Eq. (3). Therefore, an increase in solubility originates
from the increase in entropy of solution.


A supercritical fluid may be considered macroscopically
homogeneous, but microscopically inhomogeneous, which
consists of clusters of molecules, free molecules, and free
volumes. The microscopic inhomogeneity of a supercritical
fluid is complex, and is relative to the molecular interactions
in systems. The addition of a co-solvent makes it more com-
plex. The data in Figure 7 indicates that the Vn-pentane of n-
pentane in the CO2 + n-pentane mixture is close to zero in
the high-density region; this suggests that the clustering be-
tween n-pentane and CO2 is not significant. In the low-den-
sity region, in which the compressibility is high (Figure 6),
Vn-pentane is negative; this indicates significant clustering of
CO2 around n-pentane. Many authors have discussed the
clustering in different SC solutions, which is often referred
to as local density and/or local composition enhancement.[5,
15] The local density of CO2 around a solute and a co-solvent
is larger than that in the bulk, and the co-solvents prefer to
associate with the solutes. We can discuss the phenomenon
on the basis of the clustering in the solutions (Figure 5).[5,6,
15]In our experiments CO2 and n-pentane were first mixed
outside of the calorimeter, and then the enthalpy of solution
of the solute in the mixed solvent was determined. There-
fore, the dissolution of the solute in the CO2 + n-pentane
mixture can be expressed as Equation 5.


CO2 þ co-solventðsolvatedÞ þ SoluteðsolidÞ !
Soluteðin mixed solventÞ


ð5Þ


It is known that thermodynamic functions are independ-
ent of the processes. In our experiments the n-pentane was
mixed with CO2 before it had contact with the solute. There-
fore, dissolution of the solute in the mixed solvent can be
divided into two steps: 1) the solute is solvated by the sol-
vent (CO2) as in pure CO2; 2) the solvated co-solvent and
solvated solute interact and form the final solution. This is
expressed schematically in Scheme 1. The overall values of
DsolvHm and DsolvSm are given by Equations (6) and (7).


DsolvHm ¼ DsolvHm1 þ DsolvHm2 ð6Þ


DsolvSm ¼ DsolvSm1 þ DsolvSm2 ð7Þ


Figure 7. Dependence of partial molar volume of n-pentane in CO2 + n-
pentane mixtures on pressure at 308.15 K.
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in which DsolvHm1, DsolvHm2, DsolvSm1, DsolvSm2 are the enthalpy
change and entropy change of the corresponding steps.


The parameter DsolvHm1 or DsolvSm1 is equal to the enthalpy
or entropy of solution of the solute in pure CO2. The effect
of the co-solvent on DsolvHm and DsolvSm is dependant on the
second step. The enthalpy change of the second step,
DsolvHm2, consists of two parts. The first is the enthalpy of
the direct interaction of the solute and n-pentane, which
should be negative (exothermic) like in a vacuum. The
second part of DsolvHm2 results from the fact that some of
the CO2 molecules around the co-solvent and the solute are
removed during the process, as qualitatively shown in
Scheme 1, which is positive. In the low-density region (high-
compressible region), the clustering between CO2 and n-
pentane is more significant as shown by the large negative
Vn-pentane of n-pentane (Figure 7). Therefore, the second part
is dominant, and the DsolvHm2 is positive. Thus, the absolute
value of DsolvHm is less than that of DsolvHm1 (solution enthal-
py in pure CO2), that is, the dissolution process becomes
less exothermic in the present of the co-solvent relative to
that in pure CO2; this is not favorable for an increase in sol-
ubility. On the other hand, a large number of CO2 in CO2 +


n-pentane clusters enter the bulk in the second step, and
DsolvSm2 is positive, which is favorable for an increase in solu-
bility. Therefore, the enthalpy change and entropy change
originated from the addition of the co-solvent affects the
solubility in opposite ways, and an enhancement in solubility
by adding the co-solvent indicates that the entropy effect is
a dominant factor.


Enthalpy of solution in subcritical fluids (x2=0.021 and
0.05): Figure 5 shows that DsolvHm is also nearly independent
of pressure in the high-density region, in which the mixed
fluids are far from the phase separation point or phase
boundary. This also results from the fact that intermolecular
interaction in the solution is similar to that in conventional
liquid solutions at higher densities.


It is very interesting that DsolvHm in the mixed SC (x2=
0.01) and subcritical fluids exhibit are different, as shown in
Figure 5. The absolute value of DsolvHm in the mixed SC
fluid is close to that in pure SC CO2 in the high-density
region, and is much lower than that in pure SC CO2 in the
low-density region. In the mixed subcritical fluids, the abso-
lute value of DsolvHm is also close to that in the pure CO2 in
the high-density region. However, it is higher than that in
pure CO2 in the high-compressible region. From Equa-
tions (3) and (4) it can be concluded that the solubility en-
hancement by n-pentane in the mixed SC fluid is entropy
driven, as discussed above. On the contrary, the solubility
enhancement by n-pentane in the subcritical fluids is enthal-
py driven. We can discuss this further.


The compressibility of the fluids is very small as their den-
sities are large enough, and the intermolecular interaction
between the solvent and the solute is similar to that in
liquid solutions. Therefore, DsolvHm is small, and the differ-
ence in all the fluids is not significant, because CO2 is the
main component and n-pentane is also a nonpolar com-
pound. In pure SC CO2, CO2-solute clusters are formed
during the dissolution process in the high-compressible
region, and therefore, the DsolvHm has a large negative
value.[6] The absolute value of DsolvHm in the mixed SC fluid
(x2=0.01) is smaller than that in pure CO2 for the reason
discussed above. However, in the high-compressible region
the absolute value of DsolvHm is still larger than in the low-
compressible region, that is, the clustering of the CO2 and n-
pentane with the solute results in the increase of the abso-
lute value of DsolvHm, although it is smaller than that in pure
SC CO2. In the subcritical fluids, Vn-pentane of n-pentane is
also negative in the high-compressible region. It can be de-
duced that the local density and/or local composition en-
hancement in the solution is also significant in the high-com-
pressible region, and therefore, the absolute value of DsolvHm


is also larger. In other words, in both SC and subcritical sol-
utions, the absolute value of DsolvHm increases with the
degree of the clustering in the solutions. However, the
degree of clustering in the SC solutions is small at the densi-
ty in which the degree is large in the subcritical solutions, as
is shown by Vn-pentane in Figure 7. That is to say, at the same
density the compressibility of SC CO2 is very limited, while
that of the subcritical fluids is large. Therefore, the absolute
value of DsolvHm in the mixed subcritical fluids can be larger
than that in pure CO2. From the discussion above, it can be
concluded that the intermolecular interaction in the SC sol-
utions and subcritical solutions can be significantly different
if their densities are the same.


Polarity effects of the co-solvents on DsolvHm : We studied
the effect of small amounts of acetone and chlorodifluoro-
methane on the DsolvHm of the solute in SC CO2 and the
mixed solvents in SC regions.[6] The solubility enhancement
by the polar co-solvents also results from the increase in en-
tropy of solution. Therefore, the co-solvent effect is similar
for the polar and nonpolar co-solvents in the SC region, that
is, the solubility enhancement is entropy driven.


In this work, we determined the DsolvHm of the solute in
CO2 + acetone with x2=0.03 (mole fraction of acetone),


Scheme 1. DsolvHm or DsolvSm in Equations (3) and (4) is the sum of the
two steps.
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which is a mixed subcritical fluid based on the calculation of
PR EOS.[9] The results are also illustrated in Figure 5. The
DsolvHm in the subcritical CO2 + n-pentane and CO2 + ace-
tone mixtures follows a similar trend as the density of the
mixed solvents is changed. Therefore, it can be concluded
that the solubility enhancement by acetone also results from
an enthalpy effect in the subcritical region, while that in the
mixed SC solvent originates from an entropy effect.[6] On
this basis, we obtain a new conclusion. For both the polar
and nonpolar co-solvents, the co-solvent effect depends on
the phase behavior of the mixed solvents. In the SC region
of the mixed solvents, solubility enhancement is entropy
driven, while the solubility enhancement is enthalpy driven
in the mixed subcritical solvents.


Conclusion


Solubility and enthalpy of solution (DsolvHm) of 1,4-naphtho-
quinone in SC and subcritical CO2 + n-pentane have been
determined at 308.15 K and at different pressures. The
DsolvHm is negative in all conditions. DsolvHm is nearly inde-
pendent of pressure or density of the mixed solvents in all
the solvents in a high-density region, because the intermo-
lecular interaction between the solvent and the solute is sim-
ilar to that in liquid solutions. However, DsolvHm in the
mixed SC fluid shows a different behavior relative to that in
the mixed subcritical fluids as the density of the solvents is
varied. In the high-compressible region, the absolute value
of DsolvHm in the mixed SC fluid is much smaller than that in
pure SC CO2, while in subcritical solvents the absolute value
of DsolvHm is higher than that in pure CO2. In other words,
the solubility enhancement by n-pentane in the mixed SC
fluid is entropy driven, but the solubility enhancement by
the co-solvent in the subcritical fluids is enthalpy driven.
The intermolecular interaction in the SC solutions and sub-
critical solutions can be significantly different even if their
densities are the same. The DsolvHm of the solute in CO2 +


acetone exhibits similar behavior with that in CO2 + n-pen-
tane, that is, in the SC region of the mixed solvents the solu-
bility enhancement by the co-solvent is entropy driven,
while that in the mixed subcritical solvent is enthalpy
driven.
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An Inorganic Double Helix Sheathing Alkali Metal Cations: ANb2P2S12
(A=K, Rb, Cs), A Series of Thiophosphates Close to the Metal±Nonmetal
Boundary–Chalcogenide Analogues of Transition-Metal Phosphate
Bronzes?
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Introduction


Early transition-metal bronzes with the general formulae
AxMyOz (M=Ti, Nb, Mo, W)[1] and (PO2)4(MO3)2m


[2] have
furnished a seemingly endless number of electronic sur-
prises. The continuing interest in the reduced metal oxides


has been nourished by the discovery of charge-density wave
(CDW) phenomena in the molybdenum bronzes.[3] The dis-
covery of multiple CDWs in the 2D monophosphate tung-
sten bronzes (PO2)4(WO3)2m


[2] and superconductivity in sev-
eral tungsten bronzes[4] provided further impetus to the
field. A group of low-dimensional compounds with compa-
rable properties are early transition-metal chalcogenides
such as MQ2 (Q=S, Se),[5] AXMQ2 (M=Ti, Nb, Ta; Q=S,
Se),[6] NbSe3


[7] or MTe3 (M=Zr, Hf, Th).[8] It is well known
that many of these low-dimensional metals may exhibit two
competing types of electronic instabilities: i) the Peierls in-
stability leading to a charge density wave state as observed
in transition-metal bronzes or layered transition-metal chal-
cogenides[1,5,6] or ii) superconductivity as in the high-TC cup-
rates.[9] The mechanisms that control the type of instability
that is actually observed are not well understood at present.
Therefore, one primary goal of preparative solid-state sci-
ence is the design of new families of low-dimensional con-
ductors with new and unusual structural properties to test–
and possibly improve–existing theories of electronic structure.
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Abstract: The new quaternary niobium
thiophosphates ANb2P2S12 (A=K, Rb,
Cs) have been prepared and character-
ized. The title compounds were synthe-
sized by reacting Nb metal, A2S, P2S5,
and S at 600±700 8C in evacuated silica
tubes. They crystallize as ™stuffed∫ var-
iants of the tetragonal TaPS6 structure
type in the tetragonal space group I4≈2d
with eight formula units per unit cell
and lattice constants a=15.923(2) and
c=13.238(3) ä for CsNb2P2S12, a=
15.887(3) and c=13.132(3) ä for
RbNb2P2S12, and a=15.850(2) and c=
13.119(3) ä for KNb2P2S12. Their struc-


tures are based on double helices
formed from interpenetrating, nonin-
teracting spiral chains of binuclear
[Nb2S12] cluster units and [PS4] thio-
phosphate groups. The cavities and
tunnels, which are formed by the heli-
cal chains, are filled with A+ ions. Tem-
perature-dependent conductivity stud-
ies reveal thermally activated electrical
transport behavior. This result is con-


sistent with the observation of a tem-
perature-dependent contribution to the
31P MAS-NMR shift, suggesting that
the delocalized s-electron spin density
increases with increasing temperature.
These findings are supported by the re-
sults of tight-binding band structure
calculations which reveal that the un-
usual electrical transport behavior of
ANb2P2S12 is a consequence of the
structure symmetry. Therefore,
CsNb2P2S12 may be considered a chal-
cogenide analogue of metal phosphate
bronzes.


Keywords: chalcogenides ¥
electronic structure ¥ niobium ¥
phosphates ¥ solid-state structures
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From a chemical perspective, it would be attractive to
study chalcogenide bronzes, a family of hybrid materials,
which combine the properties of both metal bronzes and
layered chalcogenides. Surprisingly, however, no chalcogen
analogues of the phosphate bronzes are known. A wealth of
phases in the M-X-Q families (M=early transition metal,
X=Si, Ge, Sn, P, As, Bi; Q=S, Se, Te) have been synthe-
sized during the past decade;[10] their large number origi-
nates from the numerous oxidation states that can be taken
not only by the transition metal, but also by the main group
components. All materials of this family are nonmetallic.


Cation intercalation into a given host structure provides a
convenient strategy for the designed synthesis of metallic
materials from nonmetallic hosts.[11] Owing to their low-di-
mensional structures, thiophosphates such as MPQ3


[10] are
susceptible to topotactic reactions. Still, the magnetic and
semiconducting properties of the resulting materials indicate
that synthetic attempts must focus on compounds containing
4d and 5d metals, because the small overlap between the
contracted 3d orbitals of the first-row transition metals gen-
erally leads to narrow bands and consequently electron lo-
calization. A potential host for intercalation reactions
among chalcogenides of the heavy transition elements is
TaPS6.


[12] It crystallizes in a three-dimensional framework
structure, whose tunnels have diameters of approximately
5 ä and may trap polymeric sulfur or selenium chains in


solid-state reactions or from the gas phase as in Ta4P4S29=


(TaPS6)4(S5)
[13] or TaPS6(Se).[14] Whereas topotactic reactions


have not led to the desired products so far, metal-intercalat-
ed variants were obtained from high-temperature reactions
and topotactic ion exchange. Here we report a structural
study of ANb2P2S12 (A=Cs, Rb, K) and discuss their physi-
cal properties with respect to their electronic structure.


Results and Discussion


Synthesis : Single-phase ANb2P2S12 was obtained according
to Equation (1) by heating Nb metal with alkali sulfide
(A2S), phosphorus sulfide and sulfur in sealed quartz am-
poules for seven days at 600±700 8C in the appropriate stoi-
chiometric ratio followed by cooling to room temperature at
a rate of 2 8Ch�1.


A2S þ 2P2S5 þ 2Nb þ 13S ! 2ANb2P2S12 ð1Þ


Crystal structure : All compounds of composition
ANb2P2S12 are isostructural. Data for the structures of
ANb2P2S12 are given in Tables 1±3 in the Experimental Sec-
tion.. A view of the structure along the c direction is given
in Figure 1. The crystal structures may be considered a stuf-


fed TaPS6 type.[12] The dominating motifs are [Nb2S12] units
and [PS4] thiophosphate groups where the S atoms of the
[PS4] tetrahedra are the capping and edge sulfur atoms of
two adjacent [Nb2S12] units. The [Nb2S12] units of CsNb2P2S12


are composed of distorted bicapped trigonal [NbS8] prisms
sharing a rectangular face to form a [Nb2S12] biprism with an
average Nb�S bond length of 2.549 ä (with individual dis-


Figure 1. View of the unit cell down c (gray prisms containing the Nb
atoms in eightfold coordination, black dots: P, white dots: S; large dark
gray dots: alkali metal atoms (disordered)); black circles with arrows in-
dicate the helicity of the chains, adjacent helices have opposite sense of
rotation.


Abstract in German: Die neuartigen Niobthiophosphate
ANb2P2S12 (A=K, Rb, Cs) wurden durch Erhitzen von ele-
mentarem Niob, A2S, Schwefel und P2S5 auf 600±700 8C in
evakuierten Quarzglasampullen dargestellt. Die Titelverbin-
dungen kristallisieren als aufgef¸llte Varianten der tetragona-
len TaPS6-Struktur in der Raumgruppe I-42d mit acht Forme-
leinheiten in der Elementarzelle und den Gitterparametern
a=15.923(2) und c=23.238(3) ä f¸r CsNb2P2S12, a=
15.887(3) und c=13.132(3) ä f¸r RbNb2P2S12, sowie a=
15.850(2) und c=13.119(3) ä f¸r KNb2P2S12. Die Ger¸st-
strukturen der Verbindungen enthalten Doppelhelices aus
einander durchdringenden spiralartigen Ketten aus [Nb2S12]
Clusterbausteinen und [PS4]-Thiophosphatgruppen. Die Ka-
tionen sind in die Kan‰le des Strukturger¸sts eingebaut. Die
A+-Kationen in den Zentren der weiten Kan‰le sind in allen
Verbindungen ANb2P2S12 (A=K, Rb, Cs) fehlgeordnet ¸ber
zwei Positionen. Der gro˚e Durchmesser der Ionenkan‰le
sowie die hohen thermischen Parameter der A+-Kationen
deuten an, da˚ ANb2P2S12 (A=K, Rb) potentielle Wirtsver-
bindungen f¸r topotaktische Ionenaustausch-Reaktionen sind.
Die Ergebnisse temperaturabh‰ngiger Widerstandsunter-su-
chungen, magnetischer Suszeptibilit‰tsmessungen, 31P-MAS-
NMR- sowie ESR-spektroskopischer Untersuchungen zeigen,
da˚ CsNb2P2S12 thermisch-aktivierte Leitf‰higkeit aufweist.
Diese Befunde werden durch die Ergebnisse von Bandstruk-
turrechnungen im Rahmen des Tight-Binding-Modells ges-
t¸tzt. Die ungewˆhnlichen elektrischen Transporteigenschaf-
ten sind durch die Symmetrie der Struktur bedingt.
CsNb2P2S12 lie˚e sich daher als chalcogenanaloge Phosphat-
bronze auffassen.
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tances ranging between 2.499(5) and 2.617(5) ä). The S�S
lengths of 2.022(10) ä and 2.025(10) are compatible with
the presence of disulfide groups. The P�S lengths of
2.025(5)±2.061(6) ä are unexceptional. The Nb�Nb length
through the shared rectangular face varies from 3.117(2) ä
for CsNb2P2S12 and 3.107(2) ä for RbNb2P2S12 to 3.087(1) ä
for KNb2P2S12. It is thus slightly longer than the Nb�Nb
lengths for NbIV chalcogenides such as Rb2Nb2P2S11,


[15]


ANb2PS10, (A=Na, Ag)[16] Nb2Y2X6 (Y=S, Se; X=Br, I)
(2.832±2.932 ä),[17] or Nb2Te6I (2.834 ä),[18] slightly shorter
than those in NbV chalcogenides such as NbTe4I
(3.362 ä),[19] and comparable to the Nb�Nb lengths in the
mixed-valence compounds (NbQ4)nI


[20] and Nb4OTe9I4.
[21]


The increase in the Nb�Nb separations may be related to
the size requirement of the alkali metal ions in the frame-
work channels. These [Nb2S12] and [PS4] units are linked in
an alternating fashion, as indicated in Figure 1, into helical
strands spiraling around the fourfold screw axes of the unit
cell. Each [PS4] group links two [Nb2S12] units and acts as a
bischelating ligand.


Helix formation and framework channels : Figure 2a shows
a biprism unit coordinated by four PS4


3� ions, where one S
atom of each [PS4] group is located at the edge atoms of the
biprism and a second S atom caps its rectangular face. Be-
cause of their tetrahedral symmetry the two capping [PS4]
groups may have different (up/down) orientation with re-
spect to the biprism (see Figure 2b); the chelating nature of


the [PS4] ligand leads to an idealized D2 or C2h symmetry of
the [Nb2(S2)2(PS4)4] units with two adjacent or opposite
[PS4] groups pointing ™up∫ and ™down∫. In the structure of
the title compound the [Nb2(S2)2(PS4)4] units have idealized
D2 symmetry, that is, the upper corner of each biprismatic
unit is connected to the lower corner of an adjacent unit.
This type of connectivity leads to the formation of a helical
chain with four biprismatic units per repeat distance about
the fourfold axes parallel c and a pitch angle of approxi-
mately 908, as illustrated in Figures 2b.


The ™prism helix∫ in the structure of CsNb2P2S12 may be
either left- or right-handed. The spiral chains around adja-
cent axes, which are cross-linked by common [PS4] groups,
have opposing senses of rotation as indicated by the arrows
in Figure 1. Adjacent helices with the same sense of rotation
are not interconnected by common units. The [NbPS6] por-
tion of the structure is quasi-one-dimensional: it is an inor-
ganic double helix that is built up from non-interacting in-
terpenetrating spiral [NbPS6] chains. This structural arrange-
ment leaves large channels which are occupied by the Cs+


cations. The cations are surrounded by eight S neighbors at
distances between 3.1 and 4.0 ä.


The helix formation as well as the cross-linking of the
helices are illustrated in Figure 1 and 2b. Four [Nb2S12] and
[PS4] units centered about the fourfold inversion axes form
a set of large tunnels with a diameter of approximately 5 ä
(coordinate to coordinate) that contain the metal cations.
The cation sizes (K+ : 1.39 ä, Rb+ : 1.51 ä, Cs+ : 1.71 ä)[22]


are small compared to the diameter of the large tunnel. The
cations can therefore ™rattle∫ within the channels as indicat-
ed by their disorder and their large and anisotropic displace-
ment parameters. The large tunnel diameter, the high dis-
placement parameters for the A+ cations inside the tunnel,
the synthesis of the isostructural series ANb2P2S12, as well as
the fractional distribution of the A+ ions over several lattice
sites indicate that ANb2P2S12 (A=alkali metal) may be suit-
able hosts for ion-exchange reactions.


Physical properties and electronic structure :
Vibrational and spectral properties : According to the re-


sults of the X-ray structure determination the spectroscopi-
cally relevant units are the [Nb2S12] cage and the [PS4]
groups. The IR spectrum of CsNb2P2S12 that is presented in
Figure 3 shows strong absorptions at 674, 630, 583, 550, and
307 cm�1 and weak bands/shoulders at 527, 457, 353, 275,
255, 245, 220, and 207 cm�1. In analogy to TaPS6(Se)[14] or
Nb4P2S21


[23] the absorbance at 583 cm�1 may be assigned to a
S�S stretching vibration of the pyramidal [Nb2S12] units, and
the intense bands at 550 cm�1 and 307 cm�1 are attributed to
PS4


[24] and Nb-(S2)2 P�S stretching modes, while the high fre-
quency bands at 674 and 630 cm�1 may be either PS4 stretch-
ing modes or combination bands (307 + 353 cm�1, 353 +


275 cm�1). Deformation modes of the [PS4] groups may con-
tribute to the set of bands observed in the region between
400 and 220 cm�1. Absorbances in a related spectral range
were observed for metal thiophosphates such as NbP2S8


[23]


or CrP3S9.25.
[25]


No meaningful diffuse reflectance spectrum of CsNb2P2S12


could be obtained. Based on Drude×s model this could be


Figure 2. a) The basic building blocks of the CsNb2P2S12 structure:
[Nb2S12] units connected by means of [PS4] tetrahedra. The S atoms of
each [PS4] group occupy one edge and one capping position of adjacent
bipyramidal [Nb2S12] units. The Nb�Nb length with the [Nb2S12] units of
CsNb2P2S12 is 3.117(2) ä, the S�S separations across the shared face are
2.022(10) ä and 2.025(10) ä. b) Repeat unit of a helix containing four
[Nb2S12] units interconnected by thiophosphate groups. The D2 symmetry
of the individual units leads to the formation of a helix chain.
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compatible with metallic properties.[26] The computed densi-
ty of states (DOS) based on the results of ab initio LMTO-
ASA band structure calculations[27,28] (spin-polarized) that
shows that the Fermi level (EF) is located in a local DOS
minimum but with a significant DOS at EF (Figure 4). Based
on a formal charge balancing according to (A+)(Nb4.5+)2-
(S2


2�)2(PS4
3�)2, ANb2P2S12 is mixed-valent. The Nb atoms


are in bicapped trigonal-prismatic coordination; this results


in a one below four crystal field splitting of the Nb 4d orbi-
tal set. The HOMO of the [Nb2S12] unit, which is the in-
phase combination of the low lying Nb 4d(z2) orbitals (Nb�
Nb vector � z axis of the local coordinate system) is singly
occupied and strongly metal±metal bonding. The narrow
peak of width 0.7 eV in the computed density of states at
the Fermi level corresponds to these Nb�Nb bonding states
within the [Nb2S12] unit.


Electrical transport properties : We have measured the re-
sistivity versus temperature of a KNb2P2S12 powder sample
(which could be most easily contacted) by a standard four-
probe technique. The room-temperature value of the specif-
ic resistivity 1b �6.47 Wcm indicates that KNb2P2S12 may be
considered a narrow gap semiconductor. A plot of log1
versus 1/T (Figure 5) shows slightly nonlinear behavior in


the high-temperature regime; on the other hand, a variation
of log1 versus 1/T1/2 shows almost linear behavior in this
temperature range. This would be expected from variable
range hopping conduction in 1D systems.[29] The data there-
fore suggest that thermally-activated conduction across a
gap is insufficient for understanding the electrical properties
of KNb2P2S12.


Magnetic properties : If CsNb2P2S12 were a simple metal,
Pauli paramagnetism of the conduction electrons would be
expected. Alternatively, an insulating phase would show
simple Curie±Weiss-type behavior. The magnetic susceptibil-
ity data from measurements obtained with a vibrating
sample magnetometer on a �65 mg powder sample, which
was prepared by manually grinding selected single crystals,
are shown in Figure 6. These values have been corrected for
the container as well as for ion core diamagnetism (�187î
10�6 emumol�1).[30] The data can be fitted by using an ex-
pression of the form c=C/(T�q) + c0 with C=7.98(2)î
10�3 emumol�1, q=1(1) K, and a temperature-independent
contribution c0=2.34(2)î10�4 emumol�1. The computed


Figure 4. Total LMTO-ASA density of states for CsNb2P2S12. The vertical
line marks the Fermi energy.


Figure 5. Plot of log1 verus 1/T for CsNb2P2S12. The energy gap from the
linear part in the log1 versus 1/T plot is 0.07 eV.


Figure 6. Temperature dependence of the magnetic susceptibility (left)
and inverse magnetic susceptibility (right) of CsNb2P2S12. The data have
been corrected for core diamagnetism.


Figure 3. IR spectrum of CsNb2P2S12.
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magnetic moment at room temperature is 0.79 mB. The large
c0 value indicates a significant degree of Pauli paramagnet-
ism; comparable values have been reported for Zintl phases
such as K8In11.


[31] The Curie tail at low temperature is a
common feature which is usually attributed to small
amounts of paramagnetic or ferromagnetic impurities. Meas-
urements at different fields, however, show the absence of
ferromagnetic impurities; furthermore, the sample was
single phase based on X-ray powder diffractometer data,
and niobium chalcogenides (which could be possible impuri-
ties) are known to be either diamagnetic or metallic.


ESR and 31P NMR spectroscopy : To obtain a more relia-
ble picture of the electronic properties, EPR measurements
were performed on a CsNb2P2S12 powder sample. The ESR
spectrum in Figure 7 shows one broad signal with Lorent-
zian shape. Its isotropic g value of 1.992 and the width of
40î10�3 T (400 G) are typical for a metal with delocalized
conduction electrons. Narrow resonance peaks with a width
of approximately 10 G have been found in 1D organic con-


ductors.[32] Figure 8a shows the 31P-MAS-NMR spectrum at
room temperature; the two signals at d=123.7 and
145.9 ppm are assigned to the two crystallographically inde-
pendent phosphorus atoms of the [PS4] groups. The signals
are shifted by approximately 60±80 ppm with respect to
those in diamagnetic compounds such as LiTi2(PS4)3 (d=
64.1 ppm).[33]


Figure 9 shows the temperature dependence of the 31P
shifts. Contrary to the situation in a metallic compound, the
31P resonance shift is seen to be temperature dependent;
however, this temperature dependence is opposite to the
typical Curie-type behavior expected for a compound with
localized unpaired electrons. Rather, the linear increase of d
observed for both phosphorus sites (T-coefficients near
0.1 ppmK�1) suggests that the density of states at the Fermi
level increases with increasing temperature. This result is
pleasingly consistent with the thermally activated electrical
transport behavior and further supported by the electronic
structure calculations below.


Likewise, the chemical shift observed for the 133Cs NMR
signal lies outside of the typical range usually observed for


133Cs in diamagnetic compounds. Again, the diso value of
621 ppm versus 1 m aqueous CsCl solution is attributed to
the effect of delocalized unpaired electron spin density at
the Cs sites. The spectrum shown in Figure 8b also reveals
numerous MAS spinning side bands, reflecting the effect of
MAS on the quadrupolar satellite transitions.


Figure 7. ESR powder spectrum of CsNb2P2S12 (T=298 K).


Figure 8. a) 31P MAS-NMR spectrum of CsNb2P2S12 at room temperature.
b) 26.3 MHz 133Cs MAS-NMR spectrum of CsNb2P2S12 at 298 K. Spinning
sidebands are indicated by asterisks.


Figure 9. Temperature dependence of the 31P chemical shifts in
CsNb2P2S12.
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Band electronic structure : The electronic structure of
ANb2P2S12 can easily be understood in terms of its building
blocks, [Nb2(S2)2(S


2�)8] units and [PS4] connector groups.
According to the formal description (A+)(Nb4.5+)2-
(S2


2�)2(PS4
3�)2, each [Nb2S12] unit carries one electron, so


that each niobium center is in the oxidation state Nb4.5+


(d0.5). In bicapped trigonal-prismatic coordination there is a
one below four crystal field splitting of the Nb 4d orbital
set. The HOMO of the [Nb2S12] unit, which is the in-phase
combination of the low-lying Nb 4dz2 is singly occupied and
metal±metal bonding. The computed DOS based on tight-
binding calculations within the extended H¸ckel framework
reproduce all features of the LMTO-ASA-DOS provided in
Figure 4. This indicates that the electronic state of affairs is
represented well by the EH method. Figure 10 shows the
bottom four d-block bands of the [Nb2P2S12]


� framework.
These bands are largely represented by the bottom d-block
orbitals of each [Nb2S12] unit shown in Scheme 1. They are


labeled s+ (1a) and s� (1b), where the subscripts + and �
indicate that the d orbitals are combined in phase and out
of phase, respectively. Only the metal d block orbitals are
shown for simplicity. The primitive cell contains eight Nb
atoms, that is, there are four Nb2S12 units per unit cell. The
four bands at G represent the four possible combinations of
the s+ bands of the four [Nb2S12] units. The Fermi level,
marked by the dashed horizontal bar in Figure 10 separates


the two lower, occupied bands from the two higher, unoccu-
pied ones. This picture indicates that the compounds
ANb2P2S12 may be considered narrow gap (indirect) semi-
conductors, the computed band gap of approximately
0.05 eV being in the range of kT at room temperature
(�0.04 eV). These findings support a picture of thermally-
activated hopping conductivity, which could explain the
electrical transport behavior of CsNb2P2S12 and the 31P
chemical shift temperature dependence. Along G-X-M, per-
pendicular to the helix direction, the s bands are flat (the
tetragonal symmetry of the cell leads to the degeneracy
along X-M). This is expected because the interactions be-
tween the individual chains are supposed to be weak. Along
the helix chain, the s bands develop a slightly higher disper-
sion, although the interaction with [PS4] groups does not
provide the possibility of strong interactions between the
[Nb2S12] units. The crucial features are two avoided crossings
along G-Z that lead to the formation of a small band gap.
The lower two bands are symmetric and antisymmetric with
respect to the fourfold inversion axis, the upper two bands
have the same symmetry. The small gap is not therefore
caused by factors such as electron±electron interactions, it is
a sole consequence of the structure symmetry.


Conclusion


We have prepared by ™alkali metal intercalation∫ a new
group of niobium thiophosphates whose structure contains
helical double chains. They exhibit activated electrical trans-
port behavior and may be considered chalcogenide ana-
logues of the well-known phosphate bronzes. They are the
first quasi-metallic transition metal thiophosphates reported
and may open a synthetic entry to a new class of low-dimen-
sional materials with interesting properties. The synthesis of
the title compounds with cations located inside the frame-
work pores suggest several areas of additional research.
i) These compounds may be derivatized by ™soft chemistry∫
methods such as ion exchange. ii) The topotactic oxidation
or reduction of these compounds may lead to new low-di-
mensional niobium chalcogenides with metallic properties
along the helical niobium thiophosphate strands. iii) It is
worthwhile to pursue the matter of ionic mobility within the
channels.


Experimental Section


Materials : Starting materials were niobium metal powder (H.C. Starck,
99.999% purity), potassium (Merck, 99.9% purity), P2S5 (Fluka, 99.99%
purity), K2S/Rb2S/Cs2S, and S powder (Riedel, 99.999%). All starting
compounds and products were examined by X-ray powder diffraction,
using a Siemens D5000 diffractometer with a CuKa source.


Alkali metal Sulfide, A2S : The alkali metal sulfides K2S, Rb2S, and Cs2S
were made following a modified procedure described in reference [32]:
Alkali metal (10 g) was placed under an argon atmosphere on the glass
frit of a Schlenk tube. The tube was cooled to �78 8C using a dry ice/ace-
tone bath and NH3 (approximately 30 mL) was condensed into the tube.
After the metal was dissolved, elemental sulfur (1.6 g) was placed on the
frit and dissolved by condensing a second portion of NH3 onto the reac-
tants. The resulting dark blue solution was stirred and NH3 was allowed


Figure 10. Dispersion relations for the bottom portion of the 4d block
bands of the 3D-NbPS6 lattice of CsNb2P2S12. The horizontal bar refers to
the Fermi level corresponding to CsNb2P2S12. G= (0,0,0), X= (�a*/2, b*/
2, 0), M= (�a*/2, b*/2, 0), and Z= (�a*/2, b*/2, 0).


Scheme 1. The bottom d-block orbitals of each [Nb2S12] unit. See text for
details.
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to evaporate. A third portion of NH3


was condensed onto the product to
ensure that the reaction was complete.
After evaporating the NH3 a light
yellow product was obtained. The
yellow color indicates contamination
with A2S2 (pure A2S should be white).
Samples with a stronger yellow tone
must be subjected to an additional re-
duction with the corresponding alkali
metal. All substances were handled
under an argon atmosphere in a stain-
less steel glove box.


Preparation of CsNb2P2S12 : Nb
(0.186 g, 2 mmol), P2S5 (0.222 g,
1 mmol), Cs2S (0.149 g, 0.5 mmol), and
S (0.208 g, 6.5 mmol) were sealed
under vacuum (<10�5 bar) in a silica
tube and placed in a programmable
chamber furnace. The sample was
heated up to 600 8C. After five days
the sample was cooled to room tem-
perature at a rate of 1 8Cmin�1. The
yield of the metallic black crystalline
material was quantitative based on the
initial metal content as shown by X-
ray powder diffraction. A semiquanti-
tative microprobe analysis (EDAX)
indicated the presence of Cs, Nb, P
and S in an approximate atomic ratio
of 1:2:2:12. Differential scanning calo-
rimetry (DSC) measurements indicate
that CsNb2P2S12 melts congruently at
402 8C and has a glass transition at
254 8C.


Preparation of RbNb2P2S12 : Nb
(0.186 g, 2 mmol), P2S5 (0.222 g,
1 mmol), Rb2S (0.101 g, 0.5 mmol),
and S (0.208 g, 6.5 mmol) were sealed
under vacuum (<10�5 bar) in a silica
tube and placed in a programmable chamber furnace. The sample was
heated up to 700 8C. After five days the sample was cooled down to
room temperature at a rate of 1 8Cmin�1. A semiquantitative EDAX
analysis indicated to presence of Rb, Nb, P and S in an approximate
atomic ratio of 1:2:2:12.


Preparation of KNb2P2S12 : Nb (0.186 g, 2 mmol), P2S5 (0.222 g, 1 mmol),
K2S (0.055 g, 0.5 mmol), and S (0.208 g, 6.5 mmol) were sealed under
vacuum (<10�5 bar) in a silica tube and placed in a programmable cham-
ber furnace. The sample was heated up to 700 8C. After five days the
sample was cooled down to room temperature at a rate of 1 8Cmin�1. A
semiquantitative EDAX analysis indicated the presence of K, Nb, P and
S in an approximate atomic ratio of 1:2:2:12.


Structure determination : The structures of CsNb2P2S12, RbNb2P2S12, and
KNb2P2S12 were determined from single crystal X-ray diffraction data.
The crystals were mounted on a glass fiber with epoxy, and intensity data
were collected on a Nicolet P21 (CsNb2P2S12) or a Siemens P4
(RbNb2P2S12, KNb2P2S12) automated four-circle diffractometer equipped
with a monochromated MoKa source (l=0.71073 ä), a graphite mono-
chromator, and a scintillation counter. 25 reflections found during the ini-
tial search in the range 2q=4±158 could be indexed with tetragonal unit
cells, the final unit cell dimensions and their standard deviations were de-
termined from least-squares fits of the setting angles of 25 reflections in
the range 10�2q�258. The final results are compiled in Table 1.


Data collections were performed with a q±2q scan mode on four octants
4�2q�548. Three standard reflections from diverse regions of reciprocal
space, which were monitored every 97 scans, indicated stable experimen-
tal conditions during the data collection. The systematic absence condi-
tions (hkl, h + h + l=2n; h0l, h + k=2n; 0kl, k + l=2n) were character-
istic of the tetragonal space group I4≈2d (no. 122), and the refinement re-
sults proved this choice to be correct.


Data reduction was done by applying Lorentz and polarization correc-
tions. The processed data were corrected for absorption effects using the
XEMP routines of the SHELXTL/PC[34] program package. Further de-
tails relevant to the data collection and structure refinement are given in
Table 1and in ref. [36].


The structures were solved by using direct methods (SHELXS86[37])
which revealed the atomic positions for Cs (Rb, K), Nb, P, and S. The
structures were refined in a straightforward manner using the SHELX97
program package.[38] The final refinements were carried out on FO


2.
Atomic scattering factors for spherical neutral free atoms were taken
from standard sources and anomalous dispersion corrections were ap-
plied.[39] From the final refinement cycle the compositions of the crystal
used are CsNb2P2S12, RbNb2P2S12, KNb2P2S12. The suitability of the aniso-
tropic displacement parameters for the various atoms in the structures
and the results of the susceptibility measurements suggest a stoichiomet-
ric composition.


Residual difference electron densities of +1.57/�1.44 e�ä�3 (+0.69/
�0.72 e�ä�3, +0.66/�0.49 e�ä�3) are around 2% of the height of the
heaviest element Nb. Analyses of FO


2 versus FC
2 as a function of FO


2, set-
ting angles or Miller indices revealed no unusual trends. Calculations per-
formed at an intermediate stage in which the relative positional occupan-
cies were refined, revealed a disorder of the cation positions, which was
treated by refining the cation split positions with tied Uij values. There
are, however, no indications for nonstoichiometry. The correct enantio-
morphs were chosen based on the Flack parameter. The final atomic pa-
rameters and interatomic distances are listed in Tables 2 and 3. Tables
with anisotropic displacement parameters and the observed and calculat-
ed structure factors are available as Supporting Information. The molecu-
lar graphics were produced with the Diamond plot program.[40] Further
details of the crystal structure investigation are available upon request


Table 1. Crystal data and structure refinement for CsNb2P2 S12.


empirical formula CsNb2P2S12 RbNb2P2S12 KNb2P2S12


formula weight 765.39 717.95 671.58
diffractometer Siemens P4 Siemens P4 Siemens P4
l [ä] 0.71073 0.71073 0.71073
monochromator graphite graphite graphite
data collection mode w-scan w-scan w-scan
crystal size [mm] 0.1î0.1î0.1 0.1î0.1î0.1 0.1î0.1î0.1
T [K] 293 201 201
crystal system tetragonal tetragonal tetragonal
space group I4≈2d (No. 122) I4≈2d (No. 122) I4≈2d (No. 122)
a [ä] 15.923(2) 15.8881(15) 15.8525(9)
c [ä] 13.238(3) 13.1321(14) 13.1192(11)
V [ä3] 3356.4(10) 3315.0(6) 3296.9(4)
Z 8 8 8
1calcd [gcm�3] 3.029 2.877 2.706
m (MoKa) [mm�1] 7.738 5.976 3.328
q range 2.00±26.99 2.56±26.98 2.01±27.00
data collected 1875 1877 2501
unique data 1032 (Rint=0.0457) 1035 (Rint=0.0466) 1202 (Rint=0.0235)
index ranges 0�h�16, 0�k�20,


0� l�16
�1�h�16, �1�k�20,
�1� l�16


�1�h�20, �1�k�20,
�1� l�16


refinement method full-matrix, based on
F2


full-matrix, based on F2 full-matrix, based on F2


parameters 83 83 83
final R indices [I>2s(I)]
R1 0.0499 0.0472 0.0241
wR2 0.1169 0.0755 0.0576
R indices (all data)[a,b]


R 0.0774 0.0925 0.0366
WR 0.1260 0.0850 0.0647
goodness-of-fit on F2 0.895 1.050 1.055
extinction coefficient 0.00000(7) 0.00020(3) 0.00056(5)
largest diff. peak and
hole [eä�3]


1.569 and �1.445 0.69 and �0.72 0.66 and �0.69


[a] R(jF j)= (S j jFo j� jFc j j )/S jFo j . [b] wR(F2)w= {Sw(jFo
2 j� jFc


2 j)2/SwFo
2}


1=2 , w= [s2(F)+0.0010F2]�1.
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from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen (fax: (+49)7247-808-666; e-mail : crysdata@fiz-karlsruhe.de),
on quoting the depository numbers CSD-412198 (CsNb2P2S12), CSD-
412199 (RbNb2P2S12), and CSD-412200 (KNb2P2S12).


Physical measurements :


Semiquantitative microprobe analysis : Semiquantitative Microprobe anal-
ysis was performed in a Zeiss DSM 962 scanning electron microscope
equipped with a KEVEX energy dispersive spectroscopy detector. Data
acquisition was performed with an accelerating voltage of 20 kV and a
1 min accumulation time.


FTIR spectra : FTIR spectra were recorded on solid samples in a CsI
matrix. The samples were ground with dry CsI into a fine powder and
pressed into transparent pellets. The spectra were recorded in the far-IR
region (700±200 cm�1, �5 cm�1 resolution) with an FTIR spectrometer
(2030 Galaxy-FT-IR, Mattson Instruments) equipped with a TGS/PE de-
tector and a silicon beam splitter.


Optical spectroscopy : Optical diffuse reflectance measurements were
made at room temperature with a Varian CARY5 double-beam, double-
monochromator spectrophotometer operating in the 200±2000 nm region.
The instrument was equipped with an integrating sphere and controlled
by a personal computer. The measurement of diffuse reflectivity may be
used to determine values for the optical band gap, which are in reasona-
ble agreement with those obtained from single crystal absorption meas-
urements. BaSO4 was used as reference material (100% reflectivity as-
sumed).[41]


Magnetic susceptibility measurements : Variable-temperature magnetic
susceptibility data were collected for a 65 mg sample of CsNb2P2S12 with
a vibrating sample magnetometer (Foner-magnetometer, Princeton Ap-
plied Research), which was operated between 0.2 and 1 T. The instru-
ment was calibrated with Hg[Co(NCS)4]. Measurements at different field
strengths confirmed that ferromagnetic impurities were absent. The dia-
magnetic correction was estimated from Pascal×s constants to be �180î
10�6 cm3mol�1.[30]


Thermal analysis : Thermal analysis was performed on a Netzsch STA 429
Differential Thermal Analyzer. 20 mg of crystalline material were select-
ed from the reaction product and ground to a fine powder. The sample
was loaded into a small quartz tube with a flattened and polished bottom
and sealed under vacuum. Heating and cooling rates were 2 8Cmin�1.
Sample integrity was checked by powder diffraction after each run.


Table 3. Selected bond lengths [ä] for ANb2P2S12 (A=Cs, Rb, K).[a]


Bond A= A=


Bond K Rb Cs Bond K Rb Cs


Nb(1)�S(1)#2 2.499(5) 2.489(7) 2.496(3) Nb(1)�Nb(1)#10 3.117(2) 3.1073(19) 3.087(1)
Nb(1)�S(6)#6 2.515(5) 2.516(6) 2.517(3) S(1)�S(1)#1 2.025(10) 2.033(14) 2.003(6)
Nb(1)�S(6)#8 2.543(5) 2.538(6) 2.515(3) S(6)�S(6)#13 2.022(10) 2.034(12) 2.052(6)
Nb(1)�S(2) 2.541(5) 2.564(7) 2.569(3)
Nb(1)�S(1)#7 2.518(5) 2.520(6) 2.524(3) A(1)�S(2) 3.424(6) 3.273(7) 3.187(5)
Nb(1)�S(3) 2.562(5) 2.551(7) 2.558(3) A(1)�S(2)#2 3.424(6) 3.273(7) 3.187(5)
Nb(1)vS(5)#9 2.598(5) 2.638(7) 2.612(3) A(1)�S(3)#5 3.551(5) 3.515(6) 3.503(3)
Nb(1)�S(4) 2.617(5) 2.565(6) 2.585(3) A(1)�S(3)#18 3.551(5) 3.515(6) 3.503(3)
mean 2.549 2.548 2.547 A(1)�S(4)#15 3.558(5) 3.445(6) 3.360(5)


A(1)�S(4)#17 3.558(5) 3.445(6) 3.360(5)
A(1)�S(6)#2 3.922(5) 3.911(6) 3.902(5)


P(1)�S(5)#16 2.025(5) 2.021(7) 2.037(3) A(1)�S(6) 3.922(5) 3.911(6) 3.902(5)
P(1)�S(5)#9 2.025(5) 2.021(7) 2.037(3)
P(1)�S(2) 2.043(6) 2.046(6) 2.021(3) A(2)�S(3) 3.13(2) 3.195(14) 3.23(1)
P(1)�S(2)#2 2.043(6) 2.046(6) 2.021(3) A(2)�S(3)#18 3.13(2) 3.195(14) 3.23(1)
mean 2.034 2.034 2.029 K(2)�S(5)#18 A(2)�S(5)#18 3.17(2) 3.250(14)


A(2)�S(5) 3.17(2) 3.250(14) 3.34(1)
P(2)�S(3)#17 2.026(6) 2.008(6) 2.039(3) A(2)�S(2)#12 3.569(6) 3.509(6) 3.498(4)
P(2)�S(3)#15 2.026(6) 2.008(6) 2.039(3) A(2)�S(2)#2 3.569(6) 3.509(6) 3.498(4)
P(2)�S(4)#15 2.061(6) 2.066(7) 2.045(3) A(2)�S(1)#9 3.921(13) 3.918(10) 3.92(1)
P(2)�S(4)#17 2.061(6) 2.066(7) 2.045(3) A(2)�S(1)#19 3.921(13) 3.918(10) 3.92(1)
mean 2.044 2.037 2.042


[a] Symmetry transformations: #1: �x, �y+1, z ; #2: x,�y+1/2, �z+1/4; #3: �x, y+1/2, �z+1/4; #4: �y+1/2, x+1/2, �z+1/2; #5: �x+1/2, �y+1/2,
z�1/2; #6: �y+0, �x+1/2, z+1/4; #7: y, x�1/2, z+1/4; #8: �x, y�1/2, �z+1/4; #9: y�1/2, �x+1/2, �z+1/2; #10: �x,�y, z ; #11: �y+1/2, x�1/2, �z+
1/2; #12: �x+1/2, �y+1/2, z+1/2; #13: �x+1, �y, z ; #14: �y+1/2, �x, z�1/4; #15: y+1/2, x, z�1/4; #16: y�1/2, x, z�1/4; #17: y+1/2, �x+1/2, �z+
1/2; #18: �x+1/2, y, �z+3/4; #19: �y+1, �x+1/2, z+1/4.


Table 2. Atom coordinates [î104] and isotropic displacement parameters
[ä2î103] of A Nb2P2S12 (A=Cs, Rb, K). U(eq) is defined as one third of
the trace of the orthogonalized matrix U(ij).


x y z U(eq)


CsNb2P2S12


Nb(1) 663(1) 720(1) 2499(2) 16(1)
P(1) 551(4) 1/4 1/8 17(1)
P(2) 5830(4) 1/4 1/8 16(1)
Cs(1) 3184(1) 1/4 1/8 47(1)
Cs(2) 1/4 3203(15) 3/8 47(1)
S(1) 474(3) 5424(3) 1274(3) 21(1)
S(2) 1302(3) 1481(3) 997(3) 24(1)
S(3) 1449(3) 1541(3) 3869(4) 28(1)
S(4) 2198(3) 134(3) 2489(4) 24(1)
S(5) 2850(3) 4877(3) 2523(4) 24(1)
S(6) 4560(3) 457(3) 1296(4) 21(1)
RbNb2P2S12


Nb(1) 682(1) 701(1) 2502(3) 11(3)
P(1) 622(4) 1/4 1/8 12(2)
P(2) 5764(4) 1/4 1/8 17(2)
Rb(1) 3179(3) 1/4 1/8 43(1)
Rb(2) 1/4 3188(9) 3/8 43(1)
S(1) 476(3) 5428(4) 1289(5) 17(2)
S(2) 1395(4) 1486(4) 1030(4) 21(2)
S(3) 1462(3) 1471(4) 3920(5) 23(2)
S(4) 2161(4) 54(2) 2498(5) 16(1)
S(5) 2818(5) 4932(3) 2515(5) 21(2)
S(6) 4552(3) 458(4) 1296(4) 12(1)
KNb2P2S12


Nb(1) 689(1) 688(1) 2499(1) 13(1)
P(1) 698(2) 1/4 1/8 16(1)
P(2) 5694(2) 1/4 1/8 16(1)
K(1) 3171(3) 1/4 1/8 63(1)
K(2) 1/4 3179(7) 3/8 63(1)
S(1) 454(1) 5440(2) 1298(2) 18(1)
S(2) 1446(1) 1480(2) 1056(3) 23(1)
S(3) 1463(2) 1437(2) 3951(3) 20(1)
S(4) 2164(2) �7(1) 2506(2) 20(1)
S(5) 2820(2) 4989(1) 2514(2) 21(1)
S(6) 4540(1) 455(2) 1301(2) 16(1)


Chem. Eur. J. 2004, 10, 382 ± 391 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 389


Chalcogenide Analogues of Transition-Metal Phosphate Bronzes 382 ± 391



www.chemeurj.org





NMR Studies : Nuclear magnetic resonance studies were carried out at
121.49 MHz using a Bruker CXP-300 spectrometer equipped with a
magic-angle spanning probe from DOTY Scientific. Samples were spun
within sapphire or zirconia spinners of 4 mm o.d. at speeds varying from
3.5 to 13.5 kHz. To avoid possible hydrolysis by atmospheric moisture,
the spinners were sealed with a thin layer of high-vacuum grease and
spun with evaporated liquid nitrogen. Typical 908 pulse length and relaxa-
tion delay were 5 ms and 4 min, respectively. 31P chemical shifts are exter-
nally referenced to 85% H3PO4 (downfield shifts positive). Temperature-
dependent measurements were calibrated with a solid sample of lead ni-
trate. 133Cs NMR spectra were obtained at 26.3 MHz, using a modified
Bruker CXP-200 spectrometer equipped with a 7 mm multinuclear
probe. Signals were acquired with 908 pulses, 5 min recycle delays at an
MAS rotor frequency of 7.0 kHz.


ESR studies : X-band ESR measurements were made with a Bruker X-
band EPR spectrometer with 100 kHz field modulation and the magnetic
field was calibrated with DPPH (2,2-diphenyl-1-picrylhydrazyl ; g=
2.0036) as an external standard.


Band structure calculations : Band structure calculations based on the
structural parameters given in Table 1 were performed at the extended
H¸ckel[42] and the LMTO-ASA[27,28] level in the tight-binding approxima-
tion. The EH calculations were carried out with the EHMACC soft-
ware[43] and the following parameters: Nb, 5 s: Hii=�10.10 eV, z=1.89;
5p: Hii=�6.86 eV, z=1.85; 4d: Hii=�12.1 eV, z1=4.060, c1=0.6401, z2=


1.64, c2=0.55516. P, 3 s: Hii=�18.6 eV, z=1.75; 3p: Hii=�14.0 eV, z=
1.30. S, 3 s: Hii=�20.0 eV, z=2.12; 3p: Hii=�13.3 eV, z=1.83. A de-
tailed description of the LMTO-ASA method, including its application to
the electronic structure of compounds, has been given elsewhere.[44] We
give only a few details of the calculations here. The scalar relativistic
Kohn±Sham±Schroedinger equation was solved, taking all relativistic ef-
fects into account, except for spin-orbit coupling. All k space integrations
were performed using the tetrahedron method using 250 irreducible k
points in the monoclinic Brillouin zone (BZ). The basis set consists of s,
p and d orbitals for Cs and Nb, and s and p orbitals for P and S. The d or-
bitals of P and S were included in the tails of the LMTOs according to
the Lˆwdin down-folding technique.[27] Since the present structures are
rather open, special care was taken in filling the interatomic space. If
only atom-centered spheres were used, the atomic sphere approximation
(ASA) would lead to unsatisfactory results because of too large an over-
lap. It is therefore necessary to introduce interstitial spheres. The posi-
tions of the empty spheres were calculated by an automatic procedure
developed by Krier et al.[28]
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Syntheses and Reactivities of Stable Halosilylenoids, (Tsi)X2SiLi
(Tsi=C(SiMe3)3, X=Br, Cl)


Myong Euy Lee,*[a] Hyeon Mo Cho,[a] Young Mook Lim,[a] Jin Kyong Choi,[a]


Chang Hee Park,[a] Seong Eun Jeong,[a] and Uk Lee[b]


Introduction


Silylenoid (R2SiMX), a compound in which an electroposi-
tive metal (M) and a leaving group (X, usually halogen) are
bound to the same silicon atom, has been postulated as an
intermediate in the reduction of dihalosilanes to synthesize
silylenes[1] or polysilanes.[2] In contrast to extensive experi-
mental studies on carbenoids,[3] there are only a few experi-
mental reports on silylenoids.[4,5] In 1995, Tamao and Kawa-
chi reported the first experimental aspects of silylenoid
chemistry. They studied (tBuO)Ph2SiLi, which underwent bi-
molecular self-condensation at 0 8C.[6] In 1999, they focused
on amine-coordinated silylenoid.[7] Tokitoh et al. reported
that Tbt(Dip)SiLiBr (Tbt=2,4,6-tris[bis(trimethylsilyl)me-
thyl]phenyl, Dip=2,6-diisopropylphenyl), as an intermedi-
ate, was generated in the reduction of the overcrowded di-
bromosilane with lithiumnaphthalenide.[8] However, no clear
evidence for a stable alkylsilylenoid at room temperature
has yet been reported.


Recently we reported the generation of stable bromosily-
lene (1) from the reduction of (Tsi)SiBr3 (Tsi=C(SiMe3)3)
with LiNp (lithium naphthalenide), but the result on its
structure remained to be discussed (Scheme 1).[9]


Quite recently Wiberg and co-workers proposed that 1
might actually be a very weak LiBr adduct with Tsi(bromo)-
silylene;[10] this implies the formation of a silylenoid species
(2). In our efforts to elucidate this study, we have obtained
experimental results confirming the structure of 2 in accord
with the proposal above. We report here clear evidence that
1 was actually the silylenoid 2 ; we also report on the synthe-
sis of a stable chlorosilylenoid (3), as well as their reactivi-
ties.


[a] Prof. M. E. Lee, Dr. H. M. Cho, Y. M. Lim, J. K. Choi, C. H. Park,
S. E. Jeong
Department of Chemistry, Graduate School
Yonsei University, Seoul 120-749 (South Korea)
Fax: (+82)33-760-2182
E-mail : melee@dragon.yonsei.ac.kr


[b] Prof. U. Lee
Department of Chemistry, Pukyong National University
Pusan 608-737 (South Korea)
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under http://www.chemeurj.org/ or from the author.


Abstract: Halosilylenoids, stable at
room temperature (Tsi)X2SiLi (Tsi=
C(SiMe3)3, X=Br, Cl), were synthe-
sized from the reaction of TsiSiX3 with
lithium naphthalenide. Bromosilylenoid
reacted with tBuOH and MeI both at
�78 8C and at room temperature to
give (Tsi)HSiBr2 and (Tsi)MeSiBr2, re-
spectively, in high yields; this clearly
shows its nucleophilicity. In the reac-


tion of bromosilylenoid with methanol,
2-propanol, and 2,3-dimethyl-1,3-buta-
diene, the corresponding products,
(Tsi)HSi(OMe)2, (Tsi)HSi(OiPr)Br,
and bromo(Tsi)silacyclopent-3-ene,
were obtained in high yields; this dem-


onstrates its amphiphilic property, as if
bromosilylene would be trapped.
Chlorosilylenoid also exhibited both
nucleophilic and amphiphilic proper-
ties. The 29Si chemical shifts for
(Tsi)Br2SiLi, (Tsi)Br2SiK, and (Tsi)Cl2-
SiLi were 106, 70, and 87 ppm, respec-
tively.Keywords: amphiphiles ¥ NMR


spectroscopy ¥ silanes ¥ silylenoids


Scheme 1. Reduction of (Tsi)SiBr3.
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Results and Discussion


Bromosilylenoid 2 was synthesized by the reduction of tri-
bromo(Tsi)silane with two equivalents of LiNp or KC8. The
bromosilylenoid-trapping products 4a, 5, and 6a were
formed from the reaction of 2 with an excess of 2,3-dimeth-
yl-1,3-butadiene, MeOH, and 2-propanol, respectively.[9]


These results confirm the ambiphilicity of silylenoid 2,
which is a typical property of silylenoid. In a similar
manner, the reaction of 2 with an excess of tBuOH and MeI
were carried out at �78 8C or room temperature to produce
dibromo[tris(trimethylsilyl)methyl]silane (7a) and methyldi-
bromo[tris(trimethylsilyl)methyl]silane (8a), respectively, in
high yields (Scheme 2). These results show the nucleophilici-
ty of 2 and a steric effect high enough not to form the ex-
pected product, Br(OtBu)(Tsi)SiH.


The two trapping products, 6a and 7a, obtained from the
reaction of 2 with iPrOH and tBuOH imply that the reac-
tion starts with the nucleophilic substitution reaction of 2,
followed by a substitution reaction of LiOiPr. The reaction
of 2 with 2,3-dimethyl-1,3-butadiene proceeded by either: 1)
a silacyclopropane intermediate generated by the silylenoid
addition into one of the double bonds in butadiene to give
the corresponding b-lithiated silane, followed by an intramo-
lecular nucleophilic attack of the anionic carbon to the sili-
con atom or 2) the allylic rearrangement of the correspond-
ing b-lithiated silane to place the lithium atom on the termi-
nal methylene carbon. There is no example of the reaction
of a stable silylenoid with 2,3-dimethyl-1,3-butadiene, al-
though discussions about the mechanism based on the one-


pot reaction of dihalosilane, alkali metal, and 2,3-dimethyl-
1,3-butadiene have been reported.[1]


Bromosilylenoid 2 did not react with triethylsilane. After
the addition of an excess of triethylsilane to the dark orange
solution of 2, an excess of iPrOH was added to the reaction
mixture; this only gave 6a. These results strongly indicate
that 2 is not a free silylene, a THF-solvated silylene, or a Br-
bridged silylene dimer, as suggested in the previous report,[9]


but a LiBr adduct with Tsi(bromo)silylene, which is a silyl-
enoid species based on its reactivities shown above. Quite
recently Flock and Dransfeld elucidated the solution struc-
ture of 2 by ab initio/NMR calculations, in accord with our
experimental results.[11] This is the first example of the reac-
tivity studies on the stable silylenoid at room temperature
and it should be noted that the functionalized silylenoid has
high synthetic potential. The 29Si chemical shift for 2 from
the reaction of tribromo(Tsi)silane and LiNp was 106 ppm,
which was very different from the negative silicon resonan-
ces of simple anionic silicon compounds.[12] Although the
substituents are different, the 29Si resonance for nitrogen-
substituted silyl anion, [Li{{Si(SiMe3)3}Si{(NCH2tBu)2C6H4-
1,2}}(thf)2], was observed at 60 ppm,[13] which was the most
deshielded silyl mono-anion known up to this time. The de-
shielding of 2 might be due to electron withdrawal by the
bromine substituents and/or the association between Li and
Br, which is explained below. The recent theoretical investi-
gation of isomeric structures of H2SiNaCl show that two
basic structures have Na�Cl interactions and no classical tet-
rahedral structures.[5b,14] It was also reported in carbenoid
chemistry that metal (lithium) coordinates with halogen
atom and assists in the ionization of the halogen, thereby
forming a carbon (cation)±halogen (anion) ion pair.[15]


The 29Si chemical shift for 10 synthesized from the reac-
tion of tribromo(Tsi)silane with two equivalents of KC8 is
70 ppm at �60 8C; this also supports the assignment that
compound 2 is the silylenoid species. Compound 10,


(Tsi)Br2SiK, was less stable than 2, as expected. Compound
10 slowly decomposed even at �40 8C, monitored by 29Si
NMR spectroscopy and by an analysis of MeOH-trapped
products of the reaction mixture using gas chromatography.


Trichloro[tris(trimethylsilyl)methyl]silane[16] was reduced
with two equivalents of LiNp or LDBB[17] (lithium di-tert-
butylbiphenylide) at �78 8C in THF. The color of the solu-
tion slowly changed from dark green to brown. After stir-
ring for 12 h all the starting material was consumed indicat-


Scheme 2. Reactivities of halosilylenoids, 2 and 3 (9a was not obtained).
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ing the reaction was completed. In the case of using LDBB
as a reducing reagent, the reaction was completed within
one hour as bluish green changed to brown. To that solu-
tion, an excess of 2,3-dimethyl-1,3-butadiene cooled to �78
8C was added, whereupon the solution became light yellow.
From the reaction mixture we obtained chloro(Tsi)silacyclo-
pentene (4b) in 75% isolated yield (Scheme 2). After the
reduction of trichloro[tris(trimethylsilyl)methyl]silane was
completed as described above, the reaction mixture was
slowly warmed to room temperature; the brown color of the
solution was slowly discharged as the temperature was in-
creased. Adding an excess of 2,3-dimethyl-1,3-butadiene at
room temperature gave compound 4b in 17% isolated
yield. By using an excess of 2-propanol as a trapping agent,
the corresponding halosilylenoid-trapping adduct, chloro(-
isopropoxy)[tris(trimethylsilyl)methyl]silane (6b), was ob-
tained in 64% yield at �78 8C and in 11% yield at room
temperature. Similarly, the reaction of 3 with methanol gave
dimethoxy[tris(trimethylsilyl)methyl]silane[18] (5) in 64%
yield at �78 8C and in 15% yield at room temperature. The
reaction mechanisms of 3 with trapping agents seem to be
the stepwise pathways described in bromosilylenoid chemis-
try. It was found that the decomposition of 3 was slowly ini-
tiated at about �30 8C, even though 3 was moderately stable
at room temperature, based on results monitored by an
analysis of MeOH-trapped products of the reaction mixture
using gas chromatography. Chlorosilylenoid 3 did not react
with triethylsilane below �30 8C.


The 29Si NMR spectrum of the reduction mixture contain-
ing 3 showed a gradual appearance of resonance due to cen-
tral silicon atom at 87 ppm at �70 8C. The X-ray structure of
4b is shown in Figure 1 and crystallographic data are given
in Table 1. All atoms except a quaternary carbon in Tsi
group appeared to be disordered, with two possible orienta-
tions in nearly equal probability ratio. The two C(1)-Si(1)-


C(7) and C(7)-Si(1)-C(6) angles are somewhat large
(119.8(3)8 and 119.6(3)8) partially due to the bulkiness of
Tsi group. The C(7)-Si(1)-Cl angle is 111.5(2)8 and the C(6)-
Si(1)-C(1) is 94.8(3)8. The silicon±carbon bond lengths
around Si(1) are nearly same (1.877±1.879 ä).


In a similar manner, the reactions of 3 with an excess of
tBuOH, MeI, and XSiMe3 (X=Cl, Br) were performed at
�78 8C to afford dichloro[tris(trimethylsilyl)methyl]silane (7
b), methyldichloro[tris(trimethylsilyl)methyl]silane (8b) and
trimethylsilyldichloro[tris(trimethylsilyl)methyl]silane (9b),
respectively, in high yields. These results show that chloro-
silylenoid 3 exhibits an amphiphilic property, as does bromo-
silylenoid 2.


Experimental Section


In all reactions where air-sensitive chemicals were used, the reagents and
solvents were dried prior to use. THF was distilled from Na/Ph2CO.
Other starting materials were purchased in reagent grade and used with-
out further purification. Glassware was flame-dried under nitrogen or
argon flushing prior to use. Experiments were performed under nitrogen
or argon atmosphere. 1H, 13C, and 29Si NMR spectra were recorded on a
Bruker AMX 500 NMR spectrometer and referenced to residual protons
of the solvent with chemical shifts or silicon atom of tetramethylsilane.
Analyses of product mixtures were accomplished by using a HP 5890 II
with FID (HP-1, 15 m column) with dried decane as an internal standard.
Mass spectra were recorded on a low resolution Shimadzu GCMS QP-
2000A mass spectrometer and a high-resolution VG ANALITICLA 70-
VSEQ mass spectrometer. Preparative gel permeation chromatography
(GPLC) was performed by LC-10 with JAI gel AJ1H +2H columns with
chloroform as solvent.


Synthesis of 4a : Naphthalene (1.28 g, 10 mmol) in THF (15 mL) was
added to Li (0.08 g, 12 mmol) in at room temperature. After the mixture
was stirred for 3 h, and LiNp was obtained as dark blue solution. LiNp in
THF was added slowly to TsiSiBr3 (2.0 g, 4.0 mmol) in THF (25 mL) at
�78 8C. The solution was stirred for 12 h at that temperature. 2,3-Dimeth-
yl-1,3-butadiene (5.0 mL, 44 mmol), cooled to �78 8C, was added rapidly


Figure 1. ORTEP[19] drawing of 4b, showing with 30% thermal ellipsoids.
H atoms are omitted for clarity.


Table 1. Crystal data and structure refinement for 4b.


formula C16H37ClSi4
Mr [gmol�1] 377.27
cryst size [mm3] 0.50î0.25î0.13
crystal color habit colorless plate
crystal system monoclinic
space group C2/c (no. 15)
a [ä] 30.589(9)
b [ä] 13.173(3)
c [ä] 11.838(4)
b [8] 105.26(2)
V [ä3] 4602(2)
Z 8
1calcd [gcm�3] 1.089
m [mm�1] 0.369
F (000) 1648
T [K] 298(2)
l [ä] 0.71069
2q range [8] 1.69±26.46
reflections collected 4764
data/parameters 4764/218
goodness-of-fit on F2 1.120
final R indices [I>2s(I)] R1


[a]=0.0922, wR2
[b]=0.1721


largest different peak/hole [eä�3] 0.41/�0.30


[a] R=�[ jFo j� jFc j ]/� jFo j . [b] Rw= [�w(jFo j� jFc j )2/�w jFo j 2]1/2, w=1/
[s2(F2


o)+ (0.0663P)2+13.1160P], where P= (F2
o + 2F2


c)/3.
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to reaction mixture, after which the solution was stirred for 3 h. After ad-
dition of n-hexane at room temperature, the resulting mixture was
washed with water. Volatiles were distilled under vacuum and naphtha-
lene was removed by sublimation. The crude product was purified by
GPLC with recycling to afford 4a as colorless oil (1.2 g, 74%). 1H NMR
(CDCl3, 250 MHz): d=0.32 (s, 27H), 1.63 (s, 4H), 1.93 (br, 3H),
2.14 ppm (br, 3H); 13C NMR (CDCl3, 63 MHz): d=3.0 (SiMe3), 18.3
(SiCH2C), 25.1 (CCH3), 129.9 ppm (C=C); 29Si NMR (99 MHz, C6D6):
d=�8.0, �0.8 ppm; MS: m/z (%): 420 (12) [M+], 405 (20), 267 (74), 73
(100); HRMS calcd for C16H37BrSi4: 420.1156; found: 420.1153; elemen-
tal analysis calcd (%) for C16H37BrSi4: C 45.57, H 8.84; found: C 45.54, H
8.81.


Using a procedure similar to that described for the trapping reaction for
2, when the reduction mixture of TsiSiBr3 with LiNp at �78 8C was
slowly warmed to 25 8C, and kept at that temperature for 2 h, and then
followed by addition of 2,3-dimethyl-1,3-butadiene to the mixture, com-
pound 4a was obtained.


Synthesis of 5 : By a method similar to that used for 4a, compound 5 was
synthesized by the reaction of 2 or 3 with an excess of MeOH. Com-
pound 5 was obtained as white solid (0.80 g, 62%). M.p. 220±222 8C;
1H NMR (CDCl3, 250 MHz): d=0.19 (s, 27H), 3.56 (s, 6H), 4.51 ppm (s,
H); 13C NMR (CDCl3, 63 MHz): d=4.04 (SiMe3), 52.1 ppm (OMe); MS:
m/z (%): 322 (9) [M+], 307 (53), 217 (100); HRMS calcd for C12H34O2Si4:
307.1341 [M+�15]; found: 307.1398; elemental analysis calcd (%) for
C12H34Br2Si4: C 44.66, H 10.62; found: C 44.67, H 10.62.


Synthesis of 6a : By a method similar to that used for 4a, this compound
was synthesized by the reaction of 2 with an excess of 2-propanol. Com-
pound 6a was obtained as colorless oil (1.1 g, 71%). 1H NMR (CDCl3,
250 MHz): d=0.29 (s, 27H), 1.23±1.26 (dd, 6H), 4.30 (m, H), 5.56 ppm
(s, H); 13C NMR (CDCl3, 63 MHz): d=4.57 (SiMe3), 4.99 (C(SiMe3)3),
24.74, 25.33 (OCH(CH3)2), 68.68 ppm (OCH(CH3)2); MS: m/z (%): 383
(9) [M+�15], 341 (17), 261 (100), 187 (25), 173 (16), 73 (32); HRMS
calcd for C13H35OBrSi4: 383.0714 [M+�15]; found: 383.0710; elemental
analysis calcd (%) for C13H35OBrSi4: C 39.07, H 8.83; found: C 39.02, H
8.81.


Syntheses of 7a and Br(OtBu)(Tsi)SiH : LiNp (9.0 mmol) in THF
(15 mL) was added slowly to TsiSiBr3 (2.0 g, 4.0 mmol) in THF (25 mL)
at �78 8C. The solution was stirred for 12 h at that temperature. tBuOH
(5.0 mL, 52 mmol) cooled to �78 8C was added rapidly to the reaction
mixture, and the solution was stirred for 1 h. After addition of n-hexane
at room temperature, the resulting mixture was washed with water. Vola-
tiles were distilled under vacuum and naphthalene was removed by subli-
mation. The crude product was purified by GPLC with recycling to
afford 7a (1.26 g) in 75% yield as colorless oil. 1H NMR (CDCl3,
500 MHz): d=0.37 (s, 27H), 5.62 ppm (s, 1H); 13C NMR (CDCl3,
125 MHz): d=4.25 ppm (SiMe3); MS: m/z (%): 405 (100) [M+�15], 317
(11), 253 (36), 129 (34), 73 (85); elemental analysis calcd (%) for
C10H28Br2Si4: C 28.56, H 6.71; found: C 28.51, H 6.68.


By using a procedure similar to that described above, after the reduction
mixture was slowly warmed to room temperature, addition of tBuOH to
the mixture gave compound 7a. On the other hand, the reaction mixture
was warmed to about 50 8C to give Br(OtBu)(Tsi)SiH (0.86 g) in 52%
yield as colorless oil. The crude product was purified by GPLC.


Br(OtBu)(Tsi)SiH : 1H NMR (CDCl3, 500 MHz): d=0.29 (s, 27H), 1.41
(s, 9H), 5.63 ppm (s, H); 13C NMR (CDCl3, 125 MHz): d=4.50 (SiMe3),
30.95 (C(CH3)3), 62.65 ppm (C(CH3)3); MS: m/z (%): 397 (2) [M+�15],
341 (62), 261 (100), 187 (25), 73 (75); elemental analysis calcd (%) for
C14H37BrOSi4: C 40.65, H 9.01; found: C 40.69, H 9.04.


Synthesis of 8a : MeI (3.5 mL, 56 mmol) was added rapidly to the reac-
tion mixture of 2 in THF (40 mL) at �78 8C, the solution was stirred for
1 h. After addition of n-hexane at room temperature, the resulting mix-
ture was washed with water. Volatiles were distilled under vacuum and
naphthalene was removed by sublimation. The crude product was puri-
fied by GPLC with recycling to afford 8a (1.3 g) in 74% yield as color-
less crystals. A similar experiment at room temperature also gave com-
pound 8a. M.p. >300 8C; 1H NMR (CDCl3, 500 MHz): d=0.39 (s, 27H),
1.31 ppm (s, 3H); 13C NMR (CDCl3, 125 MHz): d=5.03 (SiMe3),
16.07 ppm (SiMe); MS: m/z (%): 419 (90) [M+�15], 331 (17), 267 (46),
201 (7), 73 (100); elemental analysis calcd (%) for C11H30Br2Si4: C 30.41,
H 6.96; found: C 30.46, H 7.00.


Reaction of TsiSiBr3 with KC8 : KC8
[20] (10 mmol) in THF (20 mL) was


added to TsiSiBr3 (2.0 g, 4.0 mmol) in THF (25 mL) at �78 8C. After the
solution was stirred for 3 h at �78 8C, the precipitate was removed by fil-
tration, and the filtrate was transferred into a 5 mm NMR tube cooled to
�78 8C. The 5 mm NMR tube was dipped into [D6]acetone in 10 mm a
NMR tube and then 29Si NMR experiment for 10 was carried out. The re-
action of 10 with an excess of 2,3-dimethyl-1,3-butadiene, MeOH, and 2-
propanol gave 4a in 90% yield (GC yield), 5 in 91% yield (GC yield),
and 6a in 87% yield (GC yield), respectively.


Generation of 3 : LiNp (9.0 mmol) in THF (15 mL) was added to TsiSiCl3
(1.5 g, 4.1 mmol) in THF (25 mL) at �78 8C. The solution was stirred for
12 h (2 h in the case of using LDBB as reducing agent) at �78 8C to give
3. In similar manners as described above, 29Si NMR experiment for 3 pre-
pared from the reduction TsiSiCl3 with LDBB was carried out.


Synthesis of 4b : 2,3-Dimethyl-1,3-butadiene (5.0 mL, 44 mmol), cooled
to �78 8C, was added rapidly to the reaction mixture of 3 in THF
(40 mL), and the solution was stirred for 1 h. After addition of n-hexane
at room temperature, the resulting mixture was washed with water. Vola-
tiles were distilled under vacuum and naphthalene was removed by subli-
mation. The crude product was purified by GPLC to give 4b in 75%
yield (1.16 g) as colorless crystals. M.p. >300 8C; 1H NMR (CDCl3,
500 MHz): d=0.27 (s, 27H), 1.53 (s, 4H) 1.72 (br, 3H), 1.73 ppm (br, 3
H); 13C NMR (CDCl3, 125 MHz): d=2.77 (SiMe3), 17.25 (SiCH2), 24.47
(CCH3), 128.00 ppm (C=C); MS: m/z (%): 376 (38) [M+], 361 (54), 221
(65), 73 (100); elemental analysis calcd (%) for C16H37ClSi4: C 50.94, H
9.89; found: C 50.95, H 9.87.


Synthesis of 6b : This compound was prepared by the same method as 4b
except that an excess of 2-propanol used instead of 2,3-dimethyl-1,3-buta-
diene. A colorless oil was obtained in 64% yield (0.93 g). 1H NMR
(CDCl3, 500 MHz): d=0.27 (s, 27H), 1.17±1.19 (dd, 6H), 4.23 (m, 1H),
5.29 ppm (s, 1H); 13C NMR (CDCl3, 125 MHz): d=4.07 (SiMe3), 24.51,
25.07 (CHCH3), 67.84 ppm (CHCH3); MS: m/z (%): 339 (30) [M+�15],
261 (100), 187 (21), 73 (40); elemental analysis calcd (%) for
C13H35ClOSi4: C 43.96, H 9.93; found: C 43.98, H 9.92.


Synthesis of 7b : Compound 7b[21] was prepared by the same method
used for 4b, except that an excess of tBuOH used instead of 2,3-dimeth-
yl-1,3-butadiene. The crude product was purified by GPLC with recy-
cling. A colorless oil was obtained in 61% yield (0.83 g). 1H NMR
(CDCl3, 500 MHz): d=0.31 (s, 27H), 5.40 pm (s, 1H); 13C NMR (CDCl3,
125 MHz): d=4.22 pm (SiMe3); MS: m/z (%): 315 (100) [M+�15], 228
(3), 207 (62), 129 (30), 73 (75); elemental analysis calcd (%) for
C10H28Cl2Si4: C 36.22, H 8.51; found: C 36.17, H 8.50.


Synthesis of 8b : Compound 8b[16] was prepared by a method similar to
that used for 4b, except that an excess of MeI used instead of 2,3-dimeth-
yl-1,3-butadiene. The crude product was purified by GPLC with recy-
cling. A colorless oil was obtained in 65% yield (0.92 g). 1H NMR
(CDCl3, 500 MHz): d=0.35 (s, 27H), 0.97 ppm (s, 3H); 13C NMR
(CDCl3, 125 MHz): d=4.77 (C(SiCH3)3), 12.80 ppm (SiCH3); MS: m/z
(%): 329 (84) [M+�15], 241 (16) 221 (76), 205 (11), 73 (100); elemental
analysis calcd (%) for C11H30Cl2Si4: C 38.23, H 8.75; found: C 38.19, H
8.70.


Synthesis of 9b : This compound was prepared by the same method as 4b
except that an excess of trimethylchlorosilane used instead of 2,3-dimeth-
yl-1,3-butadiene. A colorless oil was obtained in 77% yield (0.93 g). The
reaction of 3 and an excess of trimethylbromosilane also gave 9b (92%,
1H NMR yield). 1H NMR (CDCl3, 500 MHz): d=0.32 (s, 9H), 0.34 ppm
(s, 27H); 13C NMR (CDCl3, 125 MHz): d=0.20 (SiSiCH3), 5.28 ppm
(C(Si(CH3)3)); MS: m/z (%): 387 (8) [M+�15], 294 (13), 279 (16), 221
(100), 201 (29), 73 (43); elemental analysis calcd (%) for C13H36Cl2Si5: C
38.67, H 8.99; found: C 38.62, H 8.95.


X-ray crystallography : A single crystal was used for data collections on a
STOE STADI4 four-circles-diffractometer with graphite monochromatic
MoKa radiation at room temperature. Cell parameters and an orientation
matrix for data collections were obtained from least-squares refinement,
using the 36 reflections in 19.0<2q<21.5. Intensities were collected
w�2q scan technique. During data collection three standard reflections
were measured every hour and showed no significant. The intensity data
were collected for Lorentz and polarization effect, and absorption correc-
tion was not applied. The structure was solved by direct method
(SHELXS-97[22]) and refined by full-matrix least-squares methods
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(SHELXL-97[22]). All non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were inserted at calculated positions, with C�H dis-
tances of 0.96 ä and treated as riding atoms with constrained isotropic
displacement parameters [Uiso(H)=1.2Ueq(C)].


All atoms in the Tsi group, such as Si(2a)-Si(4b), C(8a)-C(16b), and
H(8a)-H(16f) in the molecule appeared to be disordered and were re-
fined as Si(na):Si(nb) (n=2,3,4), C(na):C(nb) (n=8±16), and
Hn(a,b,c):Hn(d,e,f) (n=8±16) is 0.51: 0.49 ratio. The ratio was controlled
from the second free variable of the FVAR instruction. Atoms of
Sin(a,b) (n=2±4), Cm(a,b) (m=8±16), and H(mL) (m=8±16, L=a±f)
were refined under the FVAR, PART, EXYZ (only C atoms), and
EADP (only C atoms) conditions, and H atoms of Cm(a, b) (m=8±6)
were independently generated by PART condition. The disordered struc-
ture of 4b was shown in Supporting Information. CCDC-210603 (4b)
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or de-
posit@ccdc.cam.uk).
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Chemical Tailoring of Porous Silica Xerogels: Local Structure by
Vibrational Spectroscopy


Alexandra Fidalgo and Laura M. Ilharco*[a]


Introduction


The sol±gel process consists basically of the synthesis of an
amorphous inorganic network by chemical reactions in solu-
tion at low temperature. The most prominent feature of this
process, the transition from a liquid (solution or colloidal
solution) into a solid (di- or multiphasic gel) led to the ex-
pression ™sol±gel process∫.[1] Any molecule able to undergo
hydrolysis and polycondensation reactions, and, therefore,
to form reactive ™inorganic∫ monomers or oligomers, can be
used as a precursor for sol±gel techniques.[2] Nevertheless,
most work in the sol±gel field has been performed with
metal alkoxides as precursors, since they provide a conven-
ient source for ™inorganic∫ monomers, with the advantage
of being soluble in common organic solvents. Another ad-
vantage of the alkoxide route is the possibility to control hy-
drolysis and condensation kinetics by solution chemistry,
rather than by surface or colloidal chemistry. In solution,
the alkoxides are hydrolysed and condensed into polymeric
species composed of metal±oxygen±metal bonds.[3] At the


functional group level, three reactions are generally used to
describe the sol±gel process, as shown bellow for silicon alk-
oxides, Si(OR)4 [Eqs. (1)±(3)]:


[4]


ðROÞ3Si�OR þ H2O
hydrolysis


esterification
������! ������ ðROÞ3Si�OH þ ROH ð1Þ


ðROÞ3Si�OH þ RO�SiðORÞ3
alcohol condensation


alcoholysis
����������! ����������


ðROÞ3Si�O�SiðORÞ3 þ ROH
ð2Þ


ðROÞ3Si�OH þ HO�SiðORÞ3
water condensation


hydrolysis
���������! ���������


ðROÞ3Si�O�SiðORÞ3 þ H2O
ð3Þ


It is clear from the above equations that the structure of
sol±gel materials evolves sequentially, being the product of
successive and/or simultaneous hydrolysis, condensation and
their reverse reactions (esterification and depolymerization).
Thus, by chemical control of the mechanisms and kinetics of
these reactions, namely the catalytic conditions, it is possible
to tailor the structure and properties of the gels over a wide
range.


Actually, these reactions never result in the formation of
pure oxides,[5] and the overall hydrolytic polycondensation
reaction can be written as Equation (4):[6]


nSiðORÞ4 þ mH2O ! SinO2n�ðaþbÞ=2ðOHÞaðORÞb
þð4n-bÞROH


ð4Þ


[a] A. Fidalgo, Prof. L. M. Ilharco
Centro de QuÌmica-FÌsica Molecular
Complexo I, Instituto Superior Tÿcnico
Av. Rovisco Pais 1
1049±001 Lisboa (Portugal)
Fax: (+351)21±8464455
E-mail : lilharco@ist.utl.pt


Abstract: Monolithic porous silica xe-
rogels were synthesized by the sol±gel
process, and their local structure was
analysed by vibrational spectroscopy.
The silica alcogels were prepared by a
two-step hydrolytic polycondensation
of tetraethoxysilane (TEOS) in isopro-
panol, with a water/TEOS molar ratio
of 4. The hydrolysis step was catalysed
by hydrochloric acid (HCl), with differ-
ent HCl/TEOS molar ratios (ranging
from 0.0005 to 0.009), and the conden-
sation step was catalysed by ammonia
(NH3), with different NH3/HCl molar


ratios (ranging from 0.7 to 1.7). After
appropriate ageing, the alcogels were
washed with isopropanol and subcriti-
cally dried at atmospheric pressure.
The diffuse reflectance infrared Fourier
transform (DRIFT) spectra were ana-
lysed in terms of the main siloxane
rings that form the silica particles,
taking into account the splitting of the


nasSi�O�Si mode into pairs of longitu-
dinal and transverse optic components,
by long-range Coulomb interactions. It
was proven that the proportion of re-
sidual silanol groups (which correlates
with hydrophilicity), and the fraction of
siloxane 6-rings (which correlates with
porosity) may be tailored by adequate
catalytic conditions, mostly by the hy-
drolysis pH. This was explained in
terms of the reactions× mechanisms
taking place in the two-step sol±gel
process followed.


Keywords: hydrophobicity ¥ IR
spectroscopy ¥ silicon ¥ siloxane
rings ¥ sol±gel processes
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in which m=2n+ (a�b)/2. The resulting gel is chemically
unstable, since its alkoxy (OR) groups are subject to further
hydrolysis by the presence of unreacted water. Consequent-
ly, the dry gel (xerogel) obtained by removal of the residual
solvent is also unstable, since the remaining hydroxyl (OH)
groups can further condense by exposure to moisture. The
net result is a ™living∫ material that undergoes structural
modifications, even months after preparation.


Usually, any attempt to reduce the concentration of OR
and OH terminal groups, either by changing the reaction pa-
rameters or by thermal treatment of the xerogel, resulted in
a dramatic reduction of porosity.[6] This severely limits the
range of applications of xerogels, namely when high porosity
is required. Recently, we have shown the possibility of pro-
ducing rather stable silica xerogels with increased porosity,
by a tight control of the hydrolysis and condensation catalyt-
ic conditions in a two-step sol±gel process.[7] This is a modifi-
cation of the two-step method developed by Brinker
et al. ,[8,9] and allows increasing the overall yield of silica pro-
duction by an efficient separation of the hydrolysis and con-
densation mechanisms. The silicon alkoxide is firstly hydro-
lysed in a strong acidic medium, at such pH values that con-
densation reactions are very slow,[10] according to the follow-
ing mechanism given in Equations (5) and (6):[1]


SiðORÞ4 þ Hþ
fast
�! � ðROÞ3Si�ðORHÞþ ð5Þ


ðROÞ3Si�ðORHÞþ þ H2O
slow
��! ��HO�SiðORÞ3 þ ROH þ Hþ


ð6Þ


in which R is an alkyl group or a hydrogen atom. The sol is
then neutralised to promote the condensation reaction
under a base catalysed mechanism, as shown in Equa-
tions (7) and (8):[8]


ðROÞ3Si�ðOHÞ þ HO�
fast
�! � ðROÞ3Si�O� þ H2O ð7Þ


ðROÞ3Si�O� þ HO�SiðORÞ3
slow
��! �� ðROÞ3Si�O�SiðORÞ3 þ OH�


ð8Þ


in which R�H or Si(OR)3. Within this two-step process, at
the onset of condensation there are mostly hydroxyl groups
bonded to silicon; this favours cross-linking. Furthermore,
the base-catalysed polymerisation mechanism also favours
cross-linking, since the extension of Equation (7) increases
with the Si�OH acidity, which is stronger for the already
more cross-linked clusters. The net result is that the larger
polymers grow at expense of the smaller ones, originating a
highly cross-linked gel, which is essentially pure silica.[8,9]


By tuning the acid and base contents in each step, we
were able to tailor the particle dimensions, pore morpholo-
gy, density and porosity of the silica xerogels, from relatively
dense to highly porous ones.[7] Such drastic changes in mor-
phology and physical properties must be correlated to struc-
tural modifications at molecular level. Vibrational spectro-
scopy, in particular diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT), has already proven very
valuable to characterise silica xerogels, providing informa-
tion on the structural units, porosity, residual silanol groups


(that determine the gels× hydrophilicity) and other structural
defects.[11±13] As the present paper aims to correlate structur-
al with macroscopic characteristics of the gels, a brief review
of the state of the art on this matter will follow.


The fundamental structural units of silica gel are similar
to those of vitreous silica and the vibrational features may
be explained accordingly. The starting point for interpreting
the vibrational spectra of AX2 glasses was the central force-
field model proposed by Sen and Thorpe,[14] and later devel-
oped by Galeener.[15] Bearing in mind the long-accepted
structure of these glasses (a continuous random network of
nearly perfect AX4 tetrahedral units[16]), the central force
model assumes that the local order of the basic tetrahedra is
largely retained, and only takes into account the nearest-
neighbour central force between A and X atoms. Since the
noncentral force constants (such as angle bending) are gen-
erally small, this simplification is satisfactory for represent-
ing high-frequency (i.e. A�X stretching) vibrational modes.
The A�X�A coupling angle between tetrahedra (q, in
Figure 1) may vary between 908 and 1808, and determines to
a large extent the importance of the collective effects.


For q=908, the effective coupling between neighbouring
tetrahedra is zero, and the two high-frequency modes of an
isolated AX4 unit (namely a totally symmetric singlet, A1,
and an antisymmetric triplet T2) retain the molecular-like
character. As q increases, so does the coupling, and those vi-
brational modes become extended band-like solid-state
ones, as a consequence of the bonding and antibonding
bands emerging from sp3-hybridized atomic orbitals. There
is a critical angle, qc, above which the solid-state effects pre-
dominate.[14] In the case of glassy SiO2, q has a fairly broad
distribution of values (estimated to lie between 1208 and
1808), with a maximum at ~1408,[17] and qc was found to be
1178.[18] As a result, q>qc, which means that the solid-state
effects take over and so the high-frequency modes are band-
like. This model allowed the calculation of the bands× limit-
ing frequencies as a function of q, according to Equa-
tions (9)±(12):


w2
1 ¼ ða=MOÞð1 þ cosqÞ ð9Þ


w2
2 ¼ ða=MOÞð1�cosqÞ ð10Þ


w2
3 ¼ ða=MOÞð1 þ cosqÞ þ ð4a=3MSiÞ ð11Þ


w2
4 ¼ ða=MOÞð1�cosqÞ þ ð4a=3MSiÞ ð12Þ


Figure 1. Schematic diagram of the local order assumed for AX2 glasses,
showing two AX4 units and the intertetrahedral angle, q.
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in which the pairs (w1,w2) and (w3,w4) are the edge-angular
frequencies of the two high-frequency bands, a is the central
force constant, and MO and MSi are the atomic masses of
oxygen and silicon.[14] This model was later extended to ac-
count for the presence of small, planar rings, improving the
agreement between the calculated bands limits and the ex-
perimental results,[19] as all network glasses contain complete
rings of bonds. For vitreous silica, for instance, the interpre-
tation of the sharp Raman bands D1 and D2, at 495 and
606 cm�1, respectively, led to considering the existence of
both siloxane 3- and 4-rings (rings containing three and four
silicon atoms, respectively).[20] For silica gels, it was proposed
that the tetrahedral units are mostly arranged in siloxane 4-
rings, which are thermodynamically favoured, not excluding
the presence of less tensioned 6-rings, which are kinetically
favoured.[1,21, 22] The analysis of the vibrational spectra of dis-
ordered solids was not complete without the inclusion of
long-range interactions, provided by Coulomb fields associ-
ated with certain excitations of the system.[23,24] For crystal-
line solids, the effect of Coulomb forces on the phonon dis-
persion curves was well known in the late 1970 s:[25] in the
absence of retardation effects and when the wave vector of
the incoming light (k) is zero, there is a splitting of the opti-
cal modes into a pair of longitudinal-optic (LO)/transverse-
optic (TO) components. For glasses, although experimental
evidence pointed to LO±TO splitting,[23] the theoretical
problem was solved somewhat later, since disordered solids
have no microscopic translational invariance and so the
wave vector k is no longer a good internal quantum label.
For AX2 random networks, the equation of motion techni-
que was used to give numerical evidence of the LO±TO
splitting,[26] yielding a splitting of 140 cm�1 for the highest
frequency mode in vitreous silica, only slightly less than the
experimental value for a-quartz (~163 cm�1).[24]


In summary, for silica gels, it is expected that the high-fre-
quency infrared-active antisymmetric stretch Si�O�Si will
appear in the DRIFT spectra as a broad band, with limiting
frequencies determined roughly by the central force model
for each coupling angle. Specific band-limiting frequencies
will arise for each population of ring dimensions, since they
correspond to different average coupling angles. Moreover,
these bands will be split in two components (LO±TO), more
or less clearly separated, depending on the degree of long-
range interactions in the sample. It is the purpose of the
present work to use the information from DRIFT spectra to
highlight the local structural changes imparted in xerogels
by the chemical tailoring of their porous structure.


Experimental Section


Materials : The silica sols were prepared by using tetraethoxysilane
(TEOS) from Alpha Products (99% pure) as the silica source, 2-propa-
nol (iPrOH) from Riedel-de Haèn (reagent grade) as solvent, and distil-
led-deionised water. The catalysts used in the hydrolysis and condensa-
tion steps were HCl (from Riedel-de Haèn, 1n) and NH3 (from Merck,
33%, diluted to 0.1n), respectively.


Xerogels preparation : The silica alcogels were synthesized, aged and
dried following the procedure schematised in Figure 2.


TEOS was first diluted in half the amount of solvent. The remaining sol-
vent was mixed with water and added dropwise to the TEOS mixture,
under vigorous stirring. The reaction mixture was then acidified with the
required amount of HCl and its pH measured, without correction for a
nonaqueous medium. The acidic sol was placed in a high density polypro-
pylene sealed container, heated at 60 8C and stirred (140 rpm) for 60 mi-
nutes. The required amount of NH3 was then added, and the resulting ho-
mogeneous sol was left to gel, with no further stirring, in the sealed con-
tainers at 60 8C. To strengthen the silica network, the alcogels were aged
for 48 h at 60 8C: the first 24 h in the residual liquid, and the latter in an
ageing solution that contained TEOS, iPrOH, and H2O in the same pro-
portions as used for the alcogels synthesis (the volume of added ageing
solution was equal to the initial sol volume). The pore liquid was then ex-
changed with iPrOH to completely remove any residual water or TEOS
and the washed gels were dried at 60 8C under ambient pressure, partially
covered, until the weight loss became negligible. Following this general
procedure, two sets of alcogels were prepared with molar compositions
TEOS/H2O/iPrOH 1:4:9.2, and different HCl/TEOS (x) and NH3/HCl (y)
molar ratios, x ranging from 0.0005 to 0.009 and y from 0.7 to 1.7. The
samples were identified as HYD1000x and COND10y, as indicated in
Table 1.


Figure 2. Schematic representation of the sample preparation procedure.


Table 1. Sample identification in terms of the molar ratios x (HCl/TEOS)
and y (NH3/HCl).


Sample x Hydrolysis pH y


HYD0.5 0.0005 2.75 1.0
HYD1 0.001 2.45 1.0
HYD3


[a] 0.003 1.88 1.0
HYD5 0.005 1.71 1.0
HYD7 0.007 1.54 1.0
HYD9 0.009 1.36 1.0
COND7 0.003 1.88 0.7
COND10


[a] 0.003 1.88 1.0
COND13 0.003 1.88 1.3
COND17 0.003 1.88 1.7


[a] Samples HYD3 and COND10 are equivalent, and were prepared for
reproducibility check.
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Sample characterisation : The molecular structure of the xerogels was an-
alysed by diffuse reflectance infrared Fourier transform (DRIFT) spec-
troscopy, by using a Mattson RS1 FTIR spectrometer with a Specac Se-
lector, in the range 4000±400 cm�1 (wide band MCT detector), at 4 cm�1


resolution. The spectra were the result of 100 added scans for each
sample, ratioed against the same number of scans for the background
(ground KBr, FTIR grade, from Aldrich). The sample preparation for
DRIFT analysis consisted simply in grinding a mixture of KBr and xero-
gel, in appropriate weight proportions, to obtain spectral absorbance in
the range of applicability of the Kubelka±Munk transformation.[27]


Results and Discussion


Molecular structure : The DRIFT spectra of selected dried
samples are shown in Figure 3A (HYD series) and Fig-
ure 3B (COND series). The spectra were normalised to the
most intense absorption band, the nasSi�O�Si mode, at
~1090 cm�1, to allow comparing the band intensities relative
to the silica network.


They were interpreted taking into account that the ele-
mentary SiO4 units are arranged mostly in siloxane 4- (SiO)4
and 6-rings (SiO)6, as schematized in Figure 4.


Structural defects such as dangling oxygen atoms (residual
Si�OH and Si�O� groups) were also taken into account, but
other defects like smaller and larger siloxane rings were ne-


glected. The broad band centred at ~3400 cm�1 is assigned
to the O�H stretching mode of silanol groups and water (re-
sidual and/or adsorbed), involved in a variety of hydrogen
bonds. The presence of adsorbed water, although in trace
amounts for some samples, is confirmed by the correspond-
ing deformation band at ~1640 cm�1. The bands at 950 and
800 cm�1 are assigned to the dangling Si�O (ñSi�Od) and
the symmetric Si�O�Si (ñsSi�O�Si) stretching modes, re-
spectively. A small but distinct feature is observed at
~560 cm�1 in all the spectra. It has been correlated by
Kamiya et al.[28] and Yoshino et al.[29] to siloxane 4-rings, and
was lately assigned, by molecular orbital calculations, to the
4-ring vibration within the ring plane that results from the
coupling of the Si�O stretching to the O�Si�O and Si�O�Si
bending modes.[30] The band assignments proposed for the
DRIFT spectra are indicated in Table 2.


In the spectra of HYD samples (Figure 3A), there is a
gradual decrease of the bands at ~3400, 1640 and
~950 cm�1 with increasing molar ratio x (decreasing hydrol-
ysis pH), reflecting the decrease in the relative amounts of
residual silanol groups and adsorbed water. Therefore, more
hydrophobic materials are obtained by increasing the HCl/
TEOS molar ratio. This is consistent with a higher overall
yield of silica production, resulting from a larger hydrolysis
extent at the moment of ammonia addition. For COND
samples (Figure 3B), the same trend is observed with in-
creasing y, showing that the condensation extent of sols with
equivalent hydrolysis conditions is determined by the NH3/
HCl ratio, and also influences the xerogels× hydrophobicity.
Since the evolution is clearer for HYD samples, the follow-
ing detailed analysis will concern their spectra. Besides the
decrease of the silanol related bands, there is an evident


Figure 3. DRIFT spectra of selected samples with different x (A) and y
(B) molar ratios. The spectra were normalised to the maximum of the
nasSi�O�Si band.


Figure 4. Schematic diagram of the more common types of primary cyclic
arrangements of the structural units, SiO4, in xerogels: A) 4-ring (SiO)4
and B) 6-ring (SiO)6 siloxane.


Table 2. Band assignments of the DRIFT spectra in Figure 3.


Wavenumber [cm�1] Assignment


3800±2500 nO�H (H2O + SiO�H)
~1640 dH�O�H (H2O)
~1090 nasSi�O�Si (4- + 6-rings)
950 nSi�Od (Si�OH and Si�O�)
800 nsSi�O�Si (4- + 6-rings)
560 nSi�O coupled with dO�Si�O


and dSi�O�Si (in 4-rings)
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modification in the nasSi�O�Si band shape, showing that a
slight adjustment in the hydrolysis pH (from 2.75 to 1.36) is
responsible for structural changes in the silica network as
well. Additionally, there is a parallel decrease in the feature
at 560 cm�1, suggesting that these structural changes are as-
sociated to a reduction of the proportion of 4-rings.


To quantify the preceding analysis, a deconvolution of the
spectral region between 1350 and 700 cm�1 was performed
by a nonlinear least squares fitting method, by means of
Gaussian functions. The deconvolution profiles obtained for
the spectra in Figure 3A are shown in Figure 5, superim-
posed with the experimental results (dotted lines).


The best fit for the nasSi�O�Si band was obtained with
four Gaussians, with maxima at around 1220, 1160, 1080 and
1050 cm�1. These components must reflect the populations
of (SiO)6 and (SiO)4 units in the silica backbone structure,
and their assignments depend on a number of assertions:


1) The 4-rings are more tensioned, with q	1258, than the
6-rings, with q	1408.[31] Using these average values for
q, and bearing in mind that q>qc for both ring types,[18]


the limiting frequencies of the nasSi�O�Si bands can be
estimated by the simplified central force-field model,
Equations (11) and (12), resulting broader in the case of
6-rings (lower w3 and higher w4).


2) The expected LO±TO splitting due to long-range inter-
actions is of the order of 140 to 160 cm�1 for 6-rings.[24, 26]


3) The 4-rings are expected to be predominant in silica
gels.[1]


All these remarks point to the following tentative assign-
ments: the dominant and closer components, at ~1160 and
~1080 cm�1, correspond to the LO±TO pair of siloxane 4-
rings, and the minor and more apart ones, at ~1220 and
~1050 cm�1, to the LO±TO pair of 6-rings.
The quantitative results of the nasSi�O�Si band deconvo-


lution are summarized in Table 3 for all the samples. While
the position of the LO modes is almost insensitive to the
catalytic conditions, there is a clear shift of the TO compo-
nents to higher wavenumbers with increasing x and y. Con-
sequently, the LO±TO splitting decreases for both ring
types, in a good indication that the long-range Coulomb in-
teractions are reduced, probably due to a larger distance be-
tween interacting species, associated with a higher porosi-
ty.[7] There are also net variations of the percentual areas
with the ratios x and y : with increasing x, the relative areas
related to the 4-ring units decrease (LO from 44.5 to 37.1%
and TO from 44.1 to 36.1%), whereas those related to 6-
ring units increase (LO from 5.7 to 6.4 and TO from 6.6 to
20.4%). The same trend is observed when y increases up to
1.3 (sample COND13). Since both the positions and percen-
tual areas of the TO modes are more sensitive to the hydrol-


Figure 5. Deconvolution of the spectral region between 1350 and
700 cm�1 for selected samples with different HCl/TEOS molar ratios.
The dotted lines correspond to the experimental spectra.


Table 3. Main results of the deconvolution of the nasSi�O�Si band in Gaussian components for all the samples.[a]


HYD0.5 HYD1 HYD3 HYD5 HYD7 HYD9 COND7 COND10 COND13 COND17


LO (SiO)6 ñ 1222 1220 1222 1226 1224 1223 1220 1224 1224 1223
W 45 46 46 47 47 47 45 44 45 46
%A 4.7 5.4 6.1 6.2 6.9 6.4 5.3 4.8 5.7 6.0


LO (SiO)4 ñ 1163 1162 1163 1167 1166 1163 1162 1164 1165 1165
W 110 101 94 94 88 90 100 105 94 90
%A 44.5 40.9 38.6 37.2 31.7 37.1 40.6 42.6 37.3 35.9


TO (SiO)4 ñ 1075 1077 1084 1089 1091 1097 1076 1083 1092 1090
W 86 85 78 76 74 64 83 77 72 75
%A 44.1 46.1 44.1 42.3 43.7 36.1 49.3 40.4 37.2 44.8


TO (SiO)6 ñ 1037 1037 1046 1051 1058 1058 1036 1045 1053 1054
W 50 52 54 56 53 54 49 56 59 55
%A 6.6 7.6 11.2 14.4 14.4 20.4 4.8 12.1 19.9 13.2


%(SiO)6 11 13 17 20 21 27 10 17 26 19


[a] ñ : wavenumber of maximum absorption [cm�1]; W: full width at half maximum [cm�1]; %A: percentual area.
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ysis and condensation pH values, the bare modes (the intrin-
sic vibrations that are decoupled) must be closer to this
optic component, as pointed out by other authors.[24]


The percentages of 6-ring units in the silica network,
%(SiO)6, are listed in the last row of Table 3, and were ob-
tained simply by adding %A[LO(SiO)6] and
%A[TO(SiO)6]. There is a clear increase in the %(SiO)6
with x, and with y up to a value of 1.3. These results relate
perfectly with the prior evidence of a decrease in the pro-
portion of (SiO)4 units, given by the evolution of the
560 cm�1 band, and confirm the assignment of the nasSi�O�
Si components.


Also worthy of mention in Table 3 are the full-widths at
half maximum of the optic components (W): those of (SiO)6
units (both LO and TO) are almost invariant, while those of
(SiO)4 rings are large and decrease systematically with in-
creasing x and y. This may be ascribed to a local ordering of
the (SiO)4 population, accompanied by a narrowing in the
statistical distribution of coupling angles. Such evolution
must be related to a direct formation of 4-rings with increas-
ing x (more extensive hydrolysis prior to condensation), in-
stead of resulting from network relaxation processes involv-
ing 6- to 4-ring conversion.[22]


From the preceding analysis, it follows that the siloxane 4-
rings are predominant in all the xerogels prepared. Decreas-
ing the hydrolysis pH and/or increasing the NH3/HCl ratio
leads to an increase in the proportion of 6-rings (up to ~
30% for the pH range explored) and, therefore, to a more
three-dimensional, glass-like structure,[32] although more
porous.[7]


Degree of hydrophobicity : Given that all silica xerogels
contain small mesopores, moisture condensation in the
pores may lead to the collapse of the silica structure by ca-
pillary forces. However, some of the samples prepared in
the present work revealed a certain degree of hydrophobici-
ty (mainly those with higher x and y ratios). This was con-
cluded from the observed decrease in the silanol related
bands with increasing molar ratios x and y, and can be quan-
tified by deconvolution of the band centred at ~950 cm�1


(nSi�O modes in dangling oxygen atoms). As shown in
Figure 5, this band was fitted by two Gaussians, at ~960 and
~900 cm�1, assigned to the Si�OH and Si�O� groups, re-
spectively.[33] These groups are both hydrophilic, and so their
proportion in the total silica network [%(Si�Od)] may be
taken as a measure of the sample×s hydrophilicity degree. It
may be calculated by the following ratio of percentual areas
[Eq. (13)]:


%ðSi�OdÞ ¼ 100
 %AðnSi�OH þ nSi�O�Þ
%AðnasSi�O�Si þ nSi�OH þ nSi�O�Þ


ð13Þ


The evolution of this percentage as a function of the
molar ratio x, depicted in Figure 6, clearly shows that a
slight decrease in the hydrolysis pH is responsible for an ex-
ponential reduction in the proportion of surface hydrophilic
groups. Below pH 1.36 (x=0.009), no significant further de-
crease is foreseeable. This characteristic may be slightly im-
proved by increasing y from 1 (sample HYD3 or COND10)


to 1.3 (COND13), which induces a decrease in %(Si�Od)
from 12 to 8% in the samples with x=0.003. In conclusion,
the best results in terms of the xerogels hydrophobicity will
be attained for hydrolysis pH~1.4 and NH3/HCl ratio in the
condensation step of ~1.3.


Conclusions


By an efficient separation of the hydrolysis and condensa-
tion steps in the sol±gel process, through catalysis condition-
ing, it was possible to control individually the kinetics and
mechanisms of each step. This allowed us to tailor the local
structure of TEOS-based porous silica xerogels, as charac-
terised by DRIFT spectroscopy. All the samples prepared
are built upon a distribution of siloxane 6- and 4-rings, the
latter being predominant, as would be expected for silica xe-
rogels. However, the proportion of 6-rings may be increased
(up to ~30%) upon increasing the HCl/TEOS ratio in the
hydrolysis step and/or the NH3/HCl ratio in the condensa-
tion step. Simultaneously, there is a decrease in the fraction
of dangling oxygen atoms (unreacted silanol groups and
broken Si�O�Si bridges), resulting in a certain degree of hy-
drophobicity and, therefore, in the chemical stability of the
xerogels towards moisture. What is striking about these re-
sults is that these kinds of molecular changes (increase in
the 6-rings and decrease in the dangling oxygen proportions)
are usually observed upon the xerogels densification pro-
cesses, but here it appears associated to an increase in the
materials× porosity.
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From d-Glucose to Biologically Potent l-Hexose Derivatives: Synthesis of
a-l-Iduronidase Fluorogenic Detector and the Disaccharide Moieties of
Bleomycin A2 and Heparan Sulfate
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Introduction


The rare l-hexoses are key components of numerous biolog-
ically potent oligosaccharides, antibiotics, glycopeptides, ter-
pene glycosides, as well as steroid glycosides (Figure 1).[1] A
remarkable example is presented by bleomycin A2 1,


[2] a sig-
nificant antitumor drug exhibiting strong activity through
DNA binding and metal-dependent oxidative cleavage of
nucleotides in the presence of oxygen. It belongs to a family
of glycopeptide antibiotics and contains a disaccharide


moiety consisting of a a1!2 linked 3-O-carbamoyl-d-man-
nopyranose with l-gulopyranose. Amongst nucleoside anti-
biotics with potential antibacterial properties, adenomycin
(2)[3] is composed of l-gulosamine as a basic subunit where-
as capuramycin (3)[4] has a 3-O-methyl-l-talofuranosyl
sugar. Other notable examples include l-altrose (4), which
is a typical constituent of the extracellular polysaccharides
from Butyrivibrio fibrisolvens strain CF3.[5]


Heparin and heparan sulfate, which are linear sulfated
polysaccharides of glycosaminoglycans comprising of alter-
nating d-glucosamine and hexuronic acid (l-iduronic acid or
d-glucuronic acid) residues with 1!4 linkages, play impor-
tant roles in a diverse set of biological processes, including
blood coagulation, cell growth control, inflammation, wound
healing, virus infection, tumor metastasis and diseases of
nervous system.[6] Heparin, containing the disaccharide re-
peating unit 5 as a major component, can interact with a va-
riety of proteins in many biological events.[7] The rare 3-O-
sulfonated disaccharide residue 6 of cell surface heparan sul-
fate exhibits specific binding site to the glycoprotein gD of
herpes simplex virus type-1 during virus entry.[8] The muco-
polysaccharidosis are a group of heritable lysosomal storage
disorders caused by lack of enzymes catalyzing the stepwise
degradation of glycosaminoglycans.[9] a-l-Iduronidase
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Abstract: A novel and convenient
route for the synthesis of biologically
potent and rare l-hexose derivatives
from d-glucose is described. Conver-
sion of diacetone-a-d-glucose (14) into
1,2:3,5-di-O-isopropylidene-b-l-idofur-
anose (19) was efficiently carried out in
two steps. Orthogonal isopropylidene
rearrangement of compound 19 led to
1,2:5,6-di-O-isopropylidene-b-l-idofur-
anose (27), which underwent regiose-
lective epimerization at the C3 position


to give the l-talo- and 3-functionalized
l-idofuranosyl derivatives. Hydrolysis
of compound 19 under acidic condi-
tions furnished 1,6-anhydro-b-l-idopyr-
anose (35) in excellent yield, which was
successfully transformed into the corre-


sponding l-allo, l-altro, l-gulo, and l-
ido derivatives via regioselective ben-
zylation, benzoylation, triflation and
nucleophilic substitution as the key
steps. Applications of these 1,6-anhy-
dro-b-l-hexopyranoses as valuable
building blocks to the syntheses of 4-
methylcoumarin-7-yl-a-l-iduronic acid
and the disaccharide moieties of bleo-
mycin A2 as well as heparan sulfate are
highlighted.


Keywords: 1,6-anhydro-b-l-
hexopyranoses ¥ bleomycin A2 ¥
carbohydrates ¥ glycosides ¥
heparan sulfate
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(EC 3.2.1.76),[10] a lysosomal hydrolase that cleaves terminal
a-l-iduronic acid unit, is deficient in Hurler and Scheie syn-
dromes. 4-Methylcoumarin-7-yl-a-l-iduronic acid (7) is a
fluorogenic substrate for assay of its activity.[11] Neomycin B
(8), an aminoglycoside antibiotic possessing specific binding
to the A site of the prokaryotic 16S rRNA[12] and inhibition
for the binding of the HIV Rev protein to its viral RNA rec-
ognition site (RRE),[13] has 2,6-diamino-2,6-dideoxy-l-ido-
pyranose as the D ring. Modification of this D ring as the 6-
amino-6-deoxy-l-idopyranosyl derivative 9 also presents
similar antibacterial activity.[14]


As most of the structural information of carbohydrate±
protein and carbohydrate±nucleotide complex at molecular
level remains obscure, homogeneous materials with well-de-
fined configurations are essential for the determination of
biological activity and structure±function relationship. These
frequently encountered l-hexoses, however, are not com-
mercially available. This very fact coupled with practical dif-
ficulties in obtaining these rare sugars from nature sources
has urged chemists to develop novel, cost effective, general,
simple, and convenient routes for their syntheses. As a
result, the literature documents an array of methodologies
for this purpose,[15] each one having its own advantages and
disadvantages.


The only difference between the structures of the most
abundant d-glucose and rare l-idose is the stereochemistry
at the C5 position. Our plan (Scheme 1) was to first achieve
the conversion from d-gluco to l-ido configuration in a
shortest possible way and then carry out the specific epime-
rization of the l-ido sugars at C2, C3 and/or C4 to get to the
whole set of l-hexoses.[16] However simple this might appear


at the first instance, several
problems still need to be en-
countered, including 1) the ster-
eoselective C5 inversion of
commercially available com-
pounds derived from d-gluco-
pyranose 10 and its furanosyl
form 11, 2) the regioselective
epimerization of the remaining
individual chiral centers in l-
idose, an equilibrating pyrano-
syl mixture of the 4C1 conform-
er 12 and 1C4 conformer 13,
without affecting other func-
tional groups, 3) the control of
regioselective protection in the
d-gluco and l-ido sugars, and
4) the selection of appropriate
protecting groups toward the
synthesis of various l-hexoses
and their related natural prod-
ucts. To tackle these problems,
we have explored a straightfor-
ward route to prepare 1,2:5,6-
di-O-isopropylidene-b-l-furano-
syl and 1,6-anhydro-b-l-pyrano-
syl derivatives of l-idose from
d-glucose followed by an effi-


cient transformation of these l-ido sugars into the corre-
sponding b-l-hexofuranosyl and 1,6-anhydro-b-l-hexopyra-
nosyl sugars by manipulating the steric and stereoelectronic
factors. Novel approaches toward the synthesis of a-l-iduro-
nidase fluorogenic detector 7 and the disaccharide moieties
of bleomycin A2 and heparan sulfate employing 1,6-anhy-
dro-b-l-hexopyranoses as valuable synthons are also descri-
bed.


Results and Discussion


Synthesis of l-idose derivatives : Our idea for the prepara-
tion of the l-ido sugars is based on the model of double


Figure 1. Biologically potent and rare l-hexoses and their related biomolecules.


Scheme 1.
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ketal fixation on the 1,2- and 3,5-hydroxy groups of d-glu-
cose to form a cis±anti±cis-fused tricyclic d-glucofuranosyl
derivative, which could undergo elimination to form a 5-
exo-double bond followed by electrophilic addition to give
the desired products. An efficient synthesis of 1,2:3,5-di-O-
isopropylidene-b-l-idofuranose (19) from diacetone-a-d-glu-
cose (14) in two steps is outlined in Scheme 2. Consecutive


treatment of compound 14 with triphenylphosphine (PPh3),
N-bromosuccinimide (NBS), and freshly distilled 1,8-diaza-
bicyclo[5.4.0]undec-7-ene (DBU) in toluene at 80 8C afford-
ed the enol ether 18 in 63% yield in a one-pot manner.
Mechanistically, PPh3 first reacts with NBS to generate a
phosphonium salt, which is readily attacked by the 3-hy-
droxy group of 14 resulting in the formation of alkoxyphos-
phonium intermediate 15.[17] Due to the rigid cis-5,5-fused
ring conformation, the isopropylidene rearrangement of 15
appears to precede over direct SN2 substitution by bromide
ion owing to the steric hindrance for the a-face attack. In
contrast to this, the transition state in 16 is sterically favored
for a facile nucleophilic displacement by bromide ion, which
ends up in an overall regioselective bromination at C6.
DBU then effects the dehydrobromination of 17 to furnish
the enol ether 18. As expected, hydroboration of compound
18 followed by oxidative work-up led to the desired l-ido-
furanosyl product 19 (92%) as a single diastereoisomer. The


absolute configuration of compound 19 (see Supporting In-
formation) was unambiguously determined through the
single-crystal X-ray analysis of its 6-O-tosyl derivative 20
(TsCl, pyridine, 88%). The stereo ORTEP drawing illus-
trates that the C4�O4 and C3�C2 bonds are at the axial and
equatorial positions, respectively. Nucleophilic substitution
of 20 with NaN3 gave the corresponding 6-azido derivative
21 (84%). Treatment of the alcohol 19 with diethylamino-
sulfur trifluoride (DAST) provided the 6-fluoro compound
22 in 55% yield.


Apparently, the face selectivity of borane addition in this
case is arising mainly through a combination of complemen-
tary steric factors (Scheme 3). The disposition of the axial


C4�O4 bond directs the addition of borane onto the 5-exo
double bond from the less hindered a-face to form the inter-
mediate 25 rather than 23. As a result, the substituted group
(CH2BH2) orients equatorially at the C5 position of 26.
Along with this, the 1,3-diaxial repulsion between the
methyl and CH2BH2 groups in the boron complex 24 also
seems to play a role, resulting in exclusive formation of the
l-ido isomer 19 after oxidative work-up. It is evident that
the transition state required for formation of 24 will be steri-
cally encumbered and hence energetically disfavored.


Synthesis of l-talo- and 3-functionalized l-idofuranosyl com-
pounds : As illustrated in Scheme 4, orthogonal isopropyli-
dene rearrangement of compound 19 with a solution of 2,2-
dimethoxypropane and acetone in the presence of catalytic
amount of (� )-camphorsulfonic acid at room temperature
yielded the 3-alcohol 27[18] as a white solid (42% after re-
crystallization from hexane) and a mixture of unreacted 19
and its 6-O-C(OMe)Me2 derivative in 52% yield. This mix-
ture could be reutilized under the same conditions and simi-
lar results were obtained. Alternatively, regioselective hy-
drolysis of 19 in 60% aq HOAc at 40 8C followed by 5,6-O-
isopropylidenation furnished the product 27 in 72% overall
yield in two steps. Oxidation of 27 with pyridinium dichro-
mate and acetic anhydride afforded the ketone 28 (98%),
which was subjected to sodium borohydride reduction to
give 1,2:5,6-di-O-isopropylidene-b-l-talofuranose (29) in
92% yield. Its absolute configuration was firmly secured by


Scheme 2.


Scheme 3.
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the single-crystal X-ray analysis (see Supporting Informa-
tion). Methylation of 29 (NaH, MeI, 93%) led to the corre-
sponding 3-OMe derivative 30 in excellent yield. Regiose-
lective removal of the 5,6-O-isopropylidene group (64%
HOAcaq, 92%) followed by 6-O-silylation (TBDPSCl, cat.
DMAP, Et3N, 77%) fashioned the adduct 31, a key inter-
mediate for the total synthesis of capuramycin.[4]


The anticoagulant activity of heparin via a unique penta-
saccharide sequence binding with antithrombin III (AT-III)
has been an area of intense research directed towards prob-
ing the molecular level details of their interaction.[19] The af-
finity study of the 3-deoxy-l-idose-derived pentasaccharide
with AT-III is reported by Sinay» and co-workers.[20] Since l-
talose is a C3-epimer of l-idose, it was realized that the 3-al-
cohol 29 could be reutilized to prepare differentially 3-func-
tionalized l-ido compounds. We first studied the nucleophil-


ic substitution of the 3-triflate derivative of 29. However,
none of the desired products were obtained. Alternatively,
the 3-tosylate 32 (TsCl, Py, 90%), upon treatment with
sodium azide, underwent a facile SN2 reaction to generate
the 3-azido-l-idofuranosyl sugar 33 (69%). In a similar
manner, reaction of compound 29 with DAST gave the cor-
responding 3-fluoro derivative 34 in 47% yield.


Synthesis of 4-methylcoumarin-7-yl-a-l-iduronic acid : The
preparation of the fluorogenic substrate 4-methylcoumarin-
7-yl-a-l-iduronic acid 7 has been reported.[21] However, the
strategy not only involves tedious steps to synthesize the l-
ido sugars but also is low yielding in the glycosylation reac-
tion. In our synthetic plan of compound 7, we needed l-ido-
pyranosyl pentaacetates 36 as the building block. Peracetyla-
tion of l-idose gave a mixture of the corresponding pyrano-
syl and furanosyl pentaacetates together with their anomeric
isomers. The purification of these four compounds was time-
consuming and the furanosyl pentaacetates were not useful
in the context of ongoing synthesis. To obviate these prob-
lems, we have employed 1,6-anhydro-b-l-idopyranose (35)
as a potent synthon, which can undergo one-pot peracetyla-
tion±acetolysis to give only the pyranosyl pentaacetates 36.


Scheme 5 depicts our approach toward the synthesis of
target molecule 7. Reflux of compound 19 in a 0.2n ethanol-
ic solution of HCl yielded the triol 35 (88%) as a single
product. One-pot peracetylation±acetolysis of 35 (TFA,
Ac2O, 83%) furnished the pentaacetate 36, which was con-
verted to the corresponding a-glycosyl chloride 37 (ZnCl2,
CH3OCHCl2, 93%). An X-ray single-crystal analysis of
compound 37 fully secured its structure (see Supporting In-
formation). Unfortunately, AgOTf-promoted coupling of
the donor 37 with 7-hydroxy-4-methylcoumarin (38) proved
to be a futile exercise due to the formation of the orthoester
39 (30%). So, we opted for an equally concise and even
more promising route. A one-pot synthesis of the alcohol 41
from compound 35 in 90% yield was successfully carried
out via programmable peracetylation, acetolysis, and bromi-
nation. The reaction, monitored by 1H NMR and TLC, re-
vealed that the corresponding triacetate was initially formed
in a short period and completely transformed into the pen-


Scheme 4.


Scheme 5.
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taacetate 36 after stirring for 24 h. It is evident from this ob-
servation that acetylation of three hydroxyl groups is faster
than the opening of 1,6-anhydro ring. Addition of HBr into
the reaction mixture in the same pot gave the unstable gly-
cosyl bromide 40, which was hydrolyzed to the correspond-
ing alcohol 41 after neutralization with saturated aqueous
sodium bicarbonate solution. Mitsunobu-type glycosylation
of 41 with the acceptor 38 in the presence of triphenylphos-
phine and diethyl azodicarboxylate led to the desired a-
adduct 42 and its b-isomer in 58 and 24% yield, respectively.
The detailed structure of 42 via the single-crystal X-ray
analysis (see Supporting Information) clearly indicated that
all substituted groups orient toward the axial positions
except the CH2OAc group at C5. Saponification of com-
pound 42 with sodium methoxide in methanol produced the
tetraol 43 (88%), which was identical with the literature
report with respect to 1H NMR spectrum.[21b] This consti-
tutes a more convenient route to 4-methylcoumarin-7-yl-a-
l-iduronic acid 7, since it has been previously obtained from
compound 43 by regioselective C6-oxidation.[21]


Synthesis of 1,6-anhydro-b-l-hexopyranoses : 1,6-Anhydro-b-
hexopyranoses are valuable synthons in the synthesis of oli-
gosaccharides, glycoconjugates as well as natural products.[22]


The advantages of their [3.2.1]bicyclic skeleton in compari-
son with the corresponding pyranoses include 1) the regio-
and stereoselectivities are highly controlled by the rigid con-
formation, 2) the reactivity is affected because of equatorial-
axial conversion of various substituted groups at the C2, C3,
and C4 positions, 3) two less protecting groups at C1 and C6
are needed, and 4) only one anomeric isomer is obtained
which by-passes time-consuming purification and identifica-
tion of two a- and b-epimers. Moreover, once the requisite
functionalities are properly installed, the internal acetal can
be cleaved and the free hydroxyls can be utilized for further
elaboration of sugar by functional group modification or gly-
cosylation.


With the key molecule 35 in hand, we further studied the
regioselective protection and epimerization to generate vari-


ous 1,6-anhydro-b-l-hexopyranoses (Scheme 6). Reaction of
the triol 35 with one equivalents of trifluoromethanesulfonic
anhydride in pyridine led to the 2-OTf derivative 44 as a
single isomer. The high regioselectivity is perhaps a direct
consequence of the inductive effect exerted by two oxygen
atoms at C1 to increase the acidity of O2-proton, forming
the alkoxide at C2 under basic conditions that reacts prefer-
entially with various electrophiles. This result prompted us
to study the one-pot triflation±benzoylation and the corre-
sponding ester 45 was successfully isolated in 78% yield.
Treatment of 45 with NaNO2 and NaN3 gave the 1,6-anhy-
dro-b-l-gulopyranosyl sugar 46 (91%) and its 2-azido deriv-
ative 47 (90%), respectively. The single-crystal X-ray analy-
ses of 46 and 47 (see Supporting Information) confirmed
their absolute configurations. Acetolysis of compound 47
using a combination of trifluoroacetic acid, acetic anhydride,
and 1% solution of conc. H2SO4 in acetic anhydride yielded
the corresponding diacetate 48 (89%). It should be noted
that the typical acetolysis conditions failed to deliver the ex-
pected ring-opened product in this case and extra addition
of 1% conc. H2SO4 turned out to be a crucial factor effect-
ing this transformation. The fully protected l-gulosamine
derivative 48 is believed to be a potential precursor in the
synthesis of adenomycin 2.[3]


Towards this end, a highly regioselective 3-O-benzylation
of the potent synthon 35 to the corresponding 2,4-diol 51
(72%) was achieved employing TMSOTf-catalyzed Et3SiH
reductive etherification of its O-trimethylsilylated ether 49
(TMSCl, Et3N, 98%). The high selectivity in this case stems
out from steric interactions. The C2- and C4-trimethylsily-
loxy groups being adjacent to the bridgehead carbon atoms
are less accessible as compared to the C3-OTMS, allow ex-
clusive formation of the TMS-acetal intermediate 50 that
can be further reduced by Et3SiH in the presence of
TMSOTf as an efficient Lewis acid to produce the 3-OBn
compound 51. Triflation (Tf2O, Py) of 51 followed by nucle-
ophilic substitution (NaNO2, HMPA) furnished the corre-
sponding l-allo derivative 52 in 41% overall yield. Regiose-
lective O2-benzoylation of the diol 51 with BzCl in pyridine


Scheme 6.
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at 0 8C led to the alcohol 53 as a single isomer (85%). One-
pot benzoylation±triflation of 51 provided the 2-OBz,4-OTf
derivative 54 (88%), which was subjected to SN2 substitu-
tions with NaNO2 and NaN3 to afford the corresponding l-
altropyranosyl sugar 55 (84%) and its 4-azido derivative 56
(97%), respectively. The absolute configurations of com-
pounds 51, 53, and 56 were unambiguously assigned through
their single-crystal X-ray analyses (see Supporting Informa-
tion).


Synthesis of the carbohydrate moiety of bleomycin A2 : The
construction of the disaccharide subunit in bleomycin A2 re-
quires the coupling of 3-O-carbamoyl-d-mannopyranosyl
donor and l-gulopyranosyl acceptor with a a1!2 linkage.[2]


A d-mannopyranosyl derivative bearing well-distinguished
hydroxy group at C3 should suffice for this purpose. The
rare l-gulose residue, which has to serve a dual function of
a glycosyl acceptor in the disaccharide formation at O2 and
finally as a donor for assembly with the aglycon moiety of
bleomycin A2, is the real key building block for this synthe-
sis.


Our preparation of this carbohydrate moiety is summar-
ized in Scheme 7. Treatment of commercially available 1,6-
anhydro-b-d-mannopyranose (57) with benzoyl chloride in
pyridine gave a mixture of mono-, di- and tri-OBz deriva-
tives without any regioselectivity. Use of benzoyloxybenzo-
triazole (BzOBT) as a mild reagent dramatically enhanced
the simplicity and overall efficiency of the synthetic route,
delivering the expected 2,4-di-OBz adduct 58 in 54% yield.
From this reaction, the corresponding 2-OBz (15%) and
2,3,4-tri-OBz (26%) were also obtained and both com-
pounds could be recycled by removing the benzoyl groups
(cat. NaOMe, MeOH) to recover the starting material 57
back. An X-ray crystal analysis of 58 assured its absolute
structure (See supporting information). The high regioselec-
tivity in this mild benzoylation reaction is perhaps governed
by the 1,3-diaxial repulsion between the C3-OH group and
the C6-methylene group.[22] With the alcohol 58 in hand, it
was successfully converted into the desired carbonate 59 in
89% yield. Ring opening of 59 with TFA and Ac2O gave
the corresponding 1,6-diacetate in low yield. We recently
found that metal trifluoromethanesulfonates are effective
and mild catalysts in acetolysis of 1,6-anhydrohexopyrano-
ses.[23] Consecutive treatment of 59 with Ac2O in the pres-
ence of 5 mol% Cu(OTf)2 followed by addition of 30%
HBr in acetic acid yielded the glycosyl bromide 60 (90%) in
a one-pot manner. AgOTf-promoted coupling of the donor
60 with the alcohol 46 provided the disaccharide 63, albeit
in low yields, along with the orthoester as a major side prod-
uct. Alternatively, Schmidt×s glycosylation method was
thought to be a good solution for our purpose. Hydrolysis of
the crude glycosyl bromide 60 in an acetone/water solution
of AgOTf and 2,6-di-tert-butyl-4-methylpyridine was
smoothly carried out and the alcohol derivative 61 was ob-
tained in excellent yield (93%). Reaction of compound 61
with K2CO3 and CCl3CN led to the corresponding trichlor-
oacetimidate 62 (89%), which was subjected to coupling
with 46 to furnish the a-linked disaccharide 63 (82%), ex-
clusively. Cu(OTf)2-catalyzed acetolysis of 63 afforded the


expected diacetate 64 (74%), which upon one-pot nucleo-
philic displacement with ammonia, produced the title com-
pound 65 (77%), a suitable precursor for the total synthesis
of the antibiotic as reported first by Boger[2c] and Hecht.[2f]


Synthesis of a rare and potent disaccharide subunit in hepar-
an sulphate : The 3-O-sulfonated disaccharide moiety 6
found in heparan sulfate chain as a minor component exhib-
its specific binding site during herpes simplex virus entry.[8]


Its mimetics may serve as potential pharmaceutical agents
to block virus entry into target cells. We have explored
herein the synthesis of a disaccharide analogue 77 employ-
ing the 1,6-anhydro-b-l-idopyranosyl sugar 53 as a valuable
building block (Scheme 8).


2-Azido-4,6-O-benzylidene-2-deoxy-d-glucose (66), de-
rived from d-glucosamine hydrochloride in two steps,[24] was
dibenzoylated to furnish the ester 67 (80%), which under-
went ring opening of benzylidene acetal at the O6 position
via a combination of TMSOTf and borane to deliver the pri-
mary alcohol 68 (88%) in very high selectivity. Benzoylation


Scheme 7.
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of 68 (BzCl, Py, 89%) followed by regioselective removal of
the anomeric benzoyl group with ammonia gave the alcohol
69 (87%, a/b 3:1, determined by its 1H NMR spectrum). In-
terestingly, only the b-form isomer 69 was obtained upon re-
crystallization using vapor diffusion process. Its ORTEP
drawing of X-ray single-crystal diffraction analysis indicates
that the anomeric hydroxy group orients toward the equato-
rial position (see Supporting Information). Compound 69
was treated with CCl3CN and K2CO3 at �78 8C to get the
corresponding trichloroacetimidate (84%, a/b 1:4), which
was coupled with the glycosyl acceptor 53 in the presence of
TMSOTf as a catalyst to yield the a-linked disaccharide 70
(58%, J1’,2’=3.8 Hz) and its b-isomer (16%), respectively.
The 1,6-anhydro ring of 70 was smoothly opened under typi-
cal acetolysis conditions (TFA, Ac2O), generating the diace-
tate derivative 71 in 89% yield. Since regioselective deace-
tylation of 71 at the anomeric position under the basic con-


ditions [NH3, BnNH2, (NH4)2CO3] was low yielding, we de-
cided to convert it into the corresponding glycosyl bromide
via treatment with 30% HBr in acetic acid. When the mix-
ture was quenched with saturated sodium bicarbonate aque-
ous solution, the expected alcohol 72 (82%) was isolated in
a one-pot manner. Transformation of 72 into the corre-
sponding trichloroacetimidate (80%) followed by coupling
with methanol produced the methyl a-glycoside 73 and its
b-isomer in 58 and 17% yield, respectively. Selective deace-
tylation of 73 with HClg in 1,4-dioxane without affecting the
benzoyl groups provided the primary alcohol 74 (85%)
which, upon sequential Jones oxidation and debenzoylation
(NaOMe, MeOH) afforded the triol 75 in 57% overall yield
in two steps. Reaction of 75 with sulfur trioxide/triethyla-
mine complex led to the tri-O-sulfonated carboxylate 76.
One-pot Birch reduction of the azido and two benzyl groups
in compound 76 furnished the amino alcohol, which under-
went selective N-sulfonation with sulfur trioxide/pyridine
complex at pH 9.5 to give the desired target molecule 77 in
37% overall yield from 75.


Conclusion


We have successfully developed a short and convenient
route to prepare the biologically important and rare l-hexo-
ses from the most abundant d-glucose via their correspond-
ing furanosyl and 1,6-anhydropyranosyl derivatives as key
intermediates. In this synthetic endeavor, we have discov-
ered some interesting facets and reactivity patterns exhibit-
ed by these conformationally biased synthons. Applications
of these new developments in the efficient syntheses of the
a-l-iduronidase fluorogenic detector 7 and the disaccharide
moieties of bleomycin A2 and heparan sulfate are demon-
strated.


Experimental Section


General procedures : Solvents were purified and dried from a safe purifi-
cation system.[25] Flash column chromatography[26] was carried out as rec-
ommended with silica gel 60 (230±400 mesh, E. Merck). TLC was per-
formed on pre-coated glass plates of Silica Gel 60 F254 (0.25 mm, E.
Merck); detection was executed by spraying with a solution of
Ce(NH4)2(NO3)6, (NH4)6Mo7O24, as well as H2SO4 in water and subse-
quent heating on a hot plate. Melting points were determined with a
B¸chi B-540 apparatus and are uncorrected. Optical rotations were meas-
ured with a Jasco DIP-370 polarimeter at ~25 8C. 1H and 13C NMR spec-
tra were recorded with Bruker AC300 and AMX400 MHz instruments.
Chemical shifts are in ppm from Me4Si, generated from the CHCl3 lock
signal at d 7.24. Mass spectra were obtained with a VG 70-250S mass
spectrometer in the EI and FAB modes. IR spectra were taken with a
Perkin-Elmer Paragon 1000 FT-IR spectrometer. Elemental analyses
were measured with a Perkin±Elmer 2400CHN instrument.


6-Deoxy-1,2 :3,5-di-O-isopropylidene-a-d-xylo-hex-5-enofuranose (18):
N-Bromosuccinimide (5.13 g, 28.8 mmol) was added at room temperature
under nitrogen to a solution of 14 (5.00 g, 19.2 mmol) and triphenylphos-
phine (8.31 g, 31.7 mmol) in anhydrous toluene (50 mL). The reaction
flask was immersed in an oil bath at 90 8C for 45 min, DBU (20 mL,
134 mmol, freshly distilled from CaH2) was added, and the stirring was
continued at the same temperature for another 2 h. After cooling to
room temperature, the mixture was filtered through Celite followed by
wash with hexane. Water (50 mL) was added to the filtrate, and the aque-


Scheme 8.
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ous phase was extracted with hexane (3î50 mL). The combined organic
layers were washed with brine, dried over MgSO4, filtered, and concen-
trated in vacuo. The residue was purified by flash column chromatogra-
phy (EtOAc/Hex 1:15) to afford the enol ether 18 (2.95 g, 63%) as a col-
orless oil. [a]25


D =++163.7 (c=1.0, CHCl3); IR (CHCl3): ñ=2988, 1660,
1375, 1082, 1017 cm�1; 1H NMR (400 MHz, CDCl3): d=5.98 (d, J=
3.7 Hz, 1H, H-1), 4.76 (d, J=0.6 Hz, 1H, H-6a), 4.69 (d, J=0.6 Hz, 1H,
H-6b), 4.56 (d, J=3.7 Hz, 1H, H-2), 4.37 (d, J=2.3 Hz, 1H, H-3), 4.34
(d, J=2.3 Hz, 1H, H-4), 1.52 (s, 3H, CH3), 1.47 (s, 3H, CH3), 1.40 (s, 3H,
CH3), 1.33 (s, 3H, CH3);


13C NMR (75 MHz, CDCl3): d=150.31 (C),
111.80 (C), 105.20 (CH), 101.37 (CH2), 100.53 (C), 84.27 (CH), 74.66
(CH), 72.34 (CH), 28.01 (CH3), 26.72 (CH3), 26.11 (CH3), 21.90 (CH3);
HRMS (FAB): calcd for C12H18O5: 242.1154; found: 242.1152; elemental
analysis calcd (%) for C12H18O5: C 59.49, H 7.49; found: C 59.19, H 7.38.


1,2 :3,5-Di-O-isopropylidene-b-l-idofuranose (19): A 1m solution of
borane/THF complex in THF (5.53 mL, 5.53 mmol) was added to a mix-
ture of 18 (1.44 g, 5.53 mmol) in THF (15 mL) at room temperature
under nitrogen. After stirring for 3 h, the reaction flask was cooled in an
ice-bath, and a mixed solution of 30% H2O2 (6 mL) and 3n NaOH
(6 mL) was slowly added to the mixture. The aqueous phase was extract-
ed with EtOAc (3î15 mL), and the combined organic layers were
washed with brine, dried over MgSO4, filtered, and concentrated in
vacuo to give a liquid residue. Purification of this residue through flash
column chromatography (EtOAc/Hex 1:2) led to the 6-alcohol 19 (1.42 g,
92%) as a colorless oil. [a]32


D =�3.2 (c=1.0, CHCl3); IR (CHCl3): ñ=


3491, 2991, 2939, 1653, 1212, 1164, 1090, 1019, 861 cm�1; 1H NMR
(400 MHz, CDCl3): d=5.94 (d, J=3.7 Hz, 1H, H-1), 4.49 (d, J=3.7 Hz, 1
H, H-2), 4.31 (d, J=2.2 Hz, 1H, H-3), 4.12 (m, 1H, H-5), 4.01 (t, J=
2.2 Hz, 1H, H-4), 3.88 (dd, J=11.6, 6.9 Hz, 1H, H-6a), 3.78 (dd, J=11.6,
4.6 Hz, 1H, H-6b), 1.48 (s, 3H, CH3), 1.44 (s, 3H, CH3), 1.40 (s, 3H,
CH3), 1.31 (s, 3H, CH3); elemental analysis calcd (%) for C12H20O6: C
55.37, H 7.74; found: C 55.01, H 7.69.


6-Azido-6-deoxy-1,2 :3,5-di-O-isopropylidene-b-l-idofuranose (21): Com-
pound 19 (0.15 g, 0.58 mmol) was dissolved in pyridine (1.5 mL) at room
temperature under nitrogen, p-toluenesulfonyl chloride (0.12 g,
0.63 mmol) was added to the reaction solution, and the mixture was kept
stirring for 4 h. The reaction was quenched by addition of water (5 mL),
and the mixture was extracted with EtOAc (3î5 mL). The combined or-
ganic layers were consecutively washed with 1n aq HCl, aq sat NaHCO3,
and brine. The organic phase was dried over MgSO4, filtered, and con-
centrated in vacuo. The residue was recrystallized via vapor diffusion
method to yield the corresponding 6-tosylate 20 (0.20 g, 88%) as color-
less crystals. 1H NMR (300 MHz, CDCl3): d=7.79 (d, J=8.2 Hz, 2H, Ar-
H), 7.33 (d, J=8.2 Hz, 2H, ArH), 5.86 (d, J=3.4 Hz, 1H, H-1), 4.45 (d,
J=3.4 Hz, 1H, H-2), 4.28±4.09 (m, 4H), 3.93 (s, 1H), 2.44 (s, 3H, CH3),
1.46 (s, 3H, CH3), 1.39 (s, 3H, CH3), 1.32 (s, 3H, CH3), 1.30 (s, 3H, CH3).


Sodium azide (0.16 g, 2.5 mmol) was added to a solution of compound 20
(0.20 g, 0.51 mmol) in DMF (2 mL), and the mixture was kept stirring at
90 8C for 3 d. After cooling to room temperature, water (5 mL) was
added to the solution, and the mixture was extracted with EtOAc (3î
5 mL). The combined organic layers were sequentially washed with water
and brine, dried over anhydrous MgSO4, filtered, and concentrated in
vacuo. The residue was purified by column chromatography (EtOAc/Hex
1:9) to provide 21 (0.12 g, 84%) as a white solid. [a]25


D =++7.3 (c=1.1,
CHCl3); IR (neat): ñ = 2925, 2101,1374, 1088 cm�1; 1H NMR (400 MHz,
CDCl3): d=5.93 (d, J=3.6 Hz, 1H, H-1), 4.49 (d, J=3.6 Hz, 1H, H-2),
4.31 (d, J=2.2 Hz, 1H, H-3), 4.14 (ddd, J=8.1, 4.5, 2.2 Hz, 1H, H-5),
3.92 (t, J=2.2 Hz, 1H, H-4), 3.58 (dd, J=12.8, 8.1 Hz, 1H, H-6a), 3.36
(dd, J=12.8, 4.5 Hz, 1H, H-6b), 1.48 (s, 3H, CH3), 1.45 (s, 3H, CH3),
1.40 (s, 3H, CH3), 1.31 (s, 3H, CH3);


13C NMR (75 MHz, CDCl3): d=


111.82, 105.14, 98.31, 83.91, 73.80, 71.33, 68.29, 51.72, 28.98, 26.63,
26.08,19.07; HRMS (FAB): calcd for C12H20O5N3: 286.1402; found:
286.1405 [M+H+].


6-Deoxy-1,2 :3,5-di-O-isopropylidene-6-fluoro-b-l-idofuranose (22): N,N-
Diethylaminosulfur trifluoride (0.47 mL, 3.5 mmol) was added at �40 8C
under nitrogen to a solution of 19 (150 mg, 0.58 mmol) in dichlorome-
thane (4 mL). The cooling bath was removed, and the mixture was kept
stirring at room temperature for 6 h. Methanol (2 mL) was slowly added
to the reaction mixture at �10 8C, the resulting solution was concentrated
in vacuo, and the residue was purified by flash column chromatography
(EtOAc/Hex 1:9) to afford 22 (83 mg, 55%). [a]25


D =++13.1 (c=1.0,


CHCl3); IR (CHCl3): ñ=2991, 1375, 1204, 1163, 1016 cm�1; 1H NMR
(400 MHz, CDCl3): d=5.94 (d, J=3.6 Hz, 1H, H-1), 4.66 (ddd, J=48.2,
9.8, 4.2 Hz, 1H, H-6a), 4.55 (ddd, J=48.2, 7.0, 4.2 Hz, 1H, H-6b), 4.50 (d,
J=3.6 Hz, 1H, H-2), 4.37±4.30 (m, 2H, H-3, H-5), 3.96 (t, J=2.0 Hz, 1H,
H-4), 1.45 (s, 3H, CH3), 1.44 (s, 3H, CH3), 1.39 (s, 3H, CH3), 1.29 (s, 3H,
CH3);


13C NMR (75 MHz, CDCl3): d=111.84(C), 105.30 (CH), 98.21 (C),
83.82 (CH), 83.32 (d, J=251.8 Hz, CH2), 73.74 (CH), 70.61 (d, J=
11.2 Hz, CH), 67.88 (d, J=32.2 Hz, CH), 29.03 (CH3), 26.65 (CH3), 26.09
(CH3), 19.06 (CH3); HRMS (FAB): calcd for C12H20O5F: 263.1295;
found: 263.1288 [M+H+]; elemental analysis calcd (%) for C12H19O5F: C
54.96, H 7.25; found: C 55.03, H 7.40.


1,2 :5,6-Di-O-isopropylidene-b-l-idofuranose (27): A solution of 19
(133 mg, 0.51 mmol) in 60% aq HOAc (1.3 mL) was stirred at 40 8C for
9 h, and the mixture was coevaporated with toluene (5î5 mL) under re-
duced pressure to furnish the corresponding 3,5,6-triol. This crude triol
was dissolved in anhydrous acetone (0.5 mL) at room temperature under
nitrogen, and 2,2-dimethoxypropane (0.25 mL) and camphorsulfonic acid
(5.0 mg) were consecutive added to the solution. After stirring for 5 min,
the reaction was quenched with aq sat NaHCO3 (5 mL), and the mixture
was extracted with CH2Cl2 (3î5 mL). The combined organic layers were
dried over MgSO4, filtered, and concentrated in vacuo. The residue was
recrystallized in hexane to afford 27 (95 mg, 72% in two steps) as a
white solid. [a]29


D =�21.5 (c=0.5, CHCl3);
1H NMR (400 MHz, CDCl3):


d=5.94 (d, J=3.6 Hz, 1H, H-1), 4.45±4.48 (m, 2H), 4.22 (m, 1H, OH),
4.12±4.06 (m, 3H), 3.70 (d, J=3.3 Hz, 1H), 1.47 (s, 3H, CH3), 1.45 (s, 3
H, CH3), 1.42 (s, 3H, CH3), 1.29 (s, 3H, CH3);


13C NMR (75 MHz,
CDCl3): d=111.65, 110.38, 104.86, 85.19, 78.02, 76.36, 74.74, 66.09, 26.74,
26.13, 25.83, 25.67; HRMS (FAB): calcd for C12H21O6: 261.1338; found:
261.1335 [M+H+].


1,2 :5,6-Di-O-isopropylidene-b-l-lyxo-hex-3-ulose (28): A solution of 27
(1.00 g, 3.84 mmol) in dichloromethane (6 mL) was added to a mixture of
pyridinium dichromate (1.08 g, 2.87 mmol) and acetic anhydride (1.1 mL,
11.6 mmol) in dichloromethane (12 mL) at room temperature under ni-
trogen. The whole mixture was refluxed for 2 h, then cooled to room
temperature, and the solvent was evaporated under reduced pressure.
EtOAc (10 mL) was added to dissolve the solid residue, and the resulting
solution was filtered through Celite. The filtrate was concentrated in
vacuo to obtain ketone 28 (0.97 g, 98%), which could be used for further
reactions. 1H NMR (400 MHz, CDCl3): d=6.10 (d, J=4.2 Hz, 1H, H-1),
4.38 (d, J=4.2 Hz, 1H, H-2), 4.32 (s, 1H, H-4), 4.27 (t, J=7.8 Hz, 1H, H-
5), 4.06 (t, J=7.8 Hz, 1H, H-6a), 4.01 (t, J=7.8 Hz, 1H, H-6b), 1.45 (s, 3
H, CH3), 1.42 (s, 3H, CH3), 1.40 (s, 3H, CH3), 1.31 (s, 3H, CH3);
13C NMR (100 MHz, CDCl3): d=208.63 (C), 114.18 (C), 109.84 (C),
103.52 (CH), 78.61 (CH), 76.58 (CH), 75.28 (CH), 64.74 (CH2), 27.32
(CH3), 26.86 (CH3), 25.76 (CH3), 25.18 (CH3).


1,2 :5,6-Di-O-isopropylidene-b-l-talofuranose (29): A solution of sodium
borohydride (0.18 g, 4.8 mmol) in water (5 mL) was added at room tem-
perature to a solution of 28 (0.97 g, 3.8 mmol) in 56% aq EtOH
(4.3 mL). After stirring for 3 h, the mixture was extracted with dichloro-
methane (3î8 mL), and the combined organic layers were dried over
MgSO4, filtered, and concentrated in vacuo. The residue was recrystal-
lized via vapor diffusion method to afford 29 (0.90 g, 92%) as colorless
crystals. [a]28


D =++20.7 (c=1.0, CHCl3); m.p. 77±78 8C; IR (CHCl3): ñ =


453, 2986, 2930, 1210, 1008 cm�1; 1H NMR (400 MHz, CDCl3): d=5.84
(d, J=4.2, 1H, H-1), 4.58 (dd, J=5.2, 4.2 Hz, 1H, H-2), 4.20 (dt, J=6.8,
8.4 Hz, 1H, H-5), 4.08 (dd, J=8.4, 6.8 Hz, 1H, H-6a), 3.98 (t, J=8.4 Hz,
1H, H-6b), 3.90 (ddd, J=10.4, 8.4, 5.2 Hz, 1H, H-3), 3.75 (dd, J=8.4,
5.2 Hz, 1H, H-4), 2.39 (d, J=10.4 Hz, 1H, 3-OH), 1.54 (s, 3H, CH3), 1.43
(s, 3H, CH3), 1.38 (s, 6H, 2îCH3);


13C NMR (100 MHz, CDCl3): d=


112.75 (C), 109.44 (C), 104.21 (CH), 80.34 (CH), 78.47 (CH), 75.50 (CH),
72.29 (CH), 65.16 (CH2), 26.53 (CH3), 26.45 (CH3), 26.23 (CH3), 25.47
(CH3); HRMS (FAB): calcd for C12H21O6: 261.1338; found: 261.1339
[M+H+]; elemental analysis calcd (%) for C12H20O6: C 55.37, H 7.74;
found: C 55.48, H 7.74.


1,2 :5,6-Di-O-isopropylidene-3-O-methyl-b-l-talofuranose (30): Com-
pound 29 (400 mg, 1.46 mmol) was dissolved in THF (4 mL) under nitro-
gen, the reaction flask was immersed in an ice-bath, and 60% sodium hy-
dride in mineral oil (148 mg, 6.17 mmol) was added to the solution. After
30 min, methyl iodide (300 mL, 4.82 mmol) was added to the mixture, the
ice-bath was removed, and the whole solution was gradually warmed up
to room temperature and kept stirring for 2 h. Water (2.4 mL) was added
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to quench the reaction, and the mixture was extracted with EtOAc (3î
5 mL). The combined organic layers were washed with brine, dried over
MgSO4, filtered, and concentrated in vacuo. The residue was purified by
flash column chromatography (EtOAc/Hex 1:2) to give the product 30
(390 mg, 93%). [a]28


D =++84.4 (c=0.6, CHCl3); IR (CHCl3): ñ=2988,
2936, 1372, 1068 cm�1; 1H NMR (CDCl3, 400 MHz): d=5.75 (d, J=
4.9 Hz, 1H), 4.65 (t, J=4.9 Hz, 1H), 4.18±4.12 (m, 1H), 4.02±3.89 (m, 3
H), 3.60 (dd, J=12.0, 5.6 Hz, 1H), 3.45 (s, 3H), 1.55 (s, 3H), 1.40 (s, 3H),
1.35 (s, 3H), 1.33 (s, 3H); 13C NMR (CDCl3, 100 MHz): d=113.1 (C),
109.4 (C), 104.3 (CH), 81.2 (CH), 77.9 (CH), 76.7 (CH), 75.4 (CH),
65.4(CH2), 58.2 (CH3), 26.8 (CH3), 26.5 (CH3), 26.1 (CH3), 25.8 (CH3); el-
emental analysis calcd (%) for C13H22O6: C 56.92, H 8.08; found: C
56.97, H 8.15.


6-O-tert-Butyldiphenylsilyl-1,2-O-isopropylidene-3-O-methyl-b-l-talofur-
anose (31): A mixture of compound 30 (390 mg, 1.42 mmol) in 64% aq
HOAc (4 mL) was stirred at 40 8C for 10 h. The solution was cooled in an
ice-bath, and aq sat NaHCO3 was added to neutralize the reaction mix-
ture. The mixture was extracted with chloroform (5î15 mL), and the
combined organic layers were washed by brine, dried over MgSO4, fil-
tered, and concentrated in vacuo to provide the 5,6-diol (306 mg, 92%).
[a]28


D =++45.3 (c=1.0, CHCl3);
1H NMR (CDCl3, 400 MHz): d=5.76 (d,


J=3.8 Hz, 1H), 4.66 (t, J=3.8 Hz, 1H), 3.98 (dd, J=8.8, 1.7 Hz, 1H),
3.79±3.70 (m, 4H), 3.49 (s, 3H), 1.34 (s, 3H), 1.23 (s, 3H); 13C NMR
(CDCl3, 75 MHz): d=113.3 (C), 104.3 (CH), 80.2 (CH), 79.7 (CH), 76.6
(CH), 69.9 (CH), 64.8 (CH2), 58.3 (CH3), 26.7 (CH3), 26.4 (CH3).


To a solution of this diol (306 mg, 1.30 mmol) in dichloromethane (3 mL)
was sequentially added triethylamine (219 mL, 1.58 mmol), DMAP (6 mg,
45 mmol), and TBDPSCl (394 mg, 1.44 mmol) at room temperature under
nitrogen atmosphere. After stirring for 16 h, the reaction was diluted by
dichloromethane (10 mL), and the mixture was consecutively washed
with water (2î3 mL) followed by aq sat NH4Cl (2î3 mL). The organic
layer was dried over MgSO4, filtered, and concentrated in vacuo, and res-
idue was purified by flash column chromatography (EtOAc/Hex 1:2) to
furnish the product 31 (472 mg, 77%). [a]28


D =++35.6 (c=0.5, CHCl3); IR
(CHCl3): ñ = 3473, 2931.2, 1428, 1113 cm�1; 1H NMR (CDCl3, 400 MHz):
d=7.67±7.63 (m, 4H, Ph-H), 7.43±7.33 (m, 6H, Ph-H), 5.75 (d, J=
3.8 Hz, 1H, H-1), 4.65 (t, J=3.8 Hz, 1H, H-2), 4.04 (dd, J=10.0, 1.8 Hz,
1H, H-6a), 3.86±3.83 (m, 1H, H-5), 3.79 (dd, J=6.6, 3.8 Hz, 1H, H-3),
3.77 (dd, J=7.4, 6.6 Hz, 1H, H-4), 3.68 (dd, J=10.0, 5.4 Hz, 1H, H-6b),
3.47 (s, 3H, CH3), 2.29 (d, J=6.4 Hz, 1H, 5-OH), 1.53 (s, 3H, CH3), 1.34
(s, 3H, CH3), 1.04 (s, 9H, tBu); 13C NMR (CDCl3, 75 MHz): d=135.56
(CH), 133.13 (C), 129.74 (CH), 127.74 (CH), 113.08 (C), 104.25 (CH),
79.92 (CH), 77.32 (CH), 76.68 (CH), 69.75 (CH), 65.37 (CH2), 58.42
(CH3), 26.80 (4îCH3), 26.48 (CH3), 19.18 (C); HRMS (FAB): calcd for
C26H37O6Si: 473.2360; found: 473.2354 [M+H+]; elemental analysis calcd
(%) for C26H36O6Si: C 66.07, H 7.68; found: C 65.92, H 7.46.


1,2 :5,6-Di-O-isopropylidene-3-O-(p-toluenesulfonyl)-b-l-talofuranose
(32): p-Toluenesulfonyl chloride (422 mg, 2.21 mmol) was added to a sol-
ution of 29 (204 mg, 0.78 mmol) in pyridine (2 mL) at room temperature
under nitrogen. The mixture was stirred for 3 d, and water (0.4 mL) was
added to quench the reaction. After stirring for 20 min, the resulting sol-
ution was poured into ice-water (20 mL), the mixture was filtered, and
the collected solid was recrystallized via vapor diffusion method to yield
32 (292 mg, 90%) as colorless crystals. [a]28


D =++82.3 (c=1.0, CHCl3);
m.p. 143±144 8C; IR (CHCl3): ñ = 2988, 1623, 1371 cm�1; 1H NMR
(400 MHz, CDCl3): d=7.83 (d, J=8.4 Hz, 2H, Ar-H), 7.33 (d, J=8.4 Hz,
2H, Ar-H), 5.73 (d, J=3.2 Hz, 1H, H-1), 4.62±4.56 (m, 2H, H-2, H-3),
4.01 (dd, J=8.0, 2.8 Hz, 1H, H-4), 3.90±3.82 (m, 3H, H-5, H-6a, H-6b),
2.43 (s, 3H, CH3), 1.50 (s, 3H, CH3), 1.30 (s, 3H, CH3), 1.28 (s, 3H, CH3),
1.21 (s, 3H, CH3);


13C NMR (100 MHz, CDCl3): d=145.27 (C), 132.88
(C), 129.79 (CH), 128.20 (CH), 113.70 (C), 109.48 (C), 104.20 (CH),
77.61 (CH), 76.95 (CH), 76.42 (CH), 73.68 (CH), 65.17 (CH2), 26.66
(CH3), 26.51 (CH3), 25.91 (CH3), 25.61 (CH3), 21.64 (CH3); HRMS
(FAB): calcd for C19H27O8S: 415.1427; found: 415.1460 [M+H+].


3-Azido-3-deoxy-1,2 :5,6-di-O-isopropylidene-b-l-idofuranose (33): A
mixture of 32 (100 mg, 0.24 mmol), [15]crown-5 (96 mL, 0.48 mmol), and
sodium azide (235 mg, 3.62 mmol) in DMF (1 mL) was heated at 140 8C
for 14 h. After cooling to room temperature, water (3 mL) was added to
the solution, and the mixture was extracted with chloroform (3î3 mL).
The combined organic layers were dried over MgSO4, filtered, and con-
centrated in vacuo. The residue was purified by flash column chromatog-


raphy (EtOAc/Hex 1:5) to give 33 (47 mg, 69%). [a]28
D =�80.7 (c=1.0,


CHCl3); m.p. 68±69 8C; IR (CHCl3): ñ = 2989, 2937, 2107, 1216, 1076,
1022 cm�1; 1H NMR (400 MHz, CDCl3): d=5.99 (d, J=3.6 Hz, 1H, H-1),
4.71 (d, J=3.6 Hz, 1H, H-2), 4.33 (q, J=7.2 Hz, 1H, H-5), 4.18 (dd, J=
7.2, 4.8 Hz, 1H, H-4), 4.16 (dd, J=8.4, 4.2 Hz, 1H, H-6a), 3.83 (d, J=
3.6 Hz, 1H, H-3), 3.69 (dd, J=8.4, 7.2 Hz, 1H, H-6b), 1.52 (s, 3H, CH3),
1.47 (s, 3H, CH3), 1.39 (s, 3H, CH3), 1.36 (s, 3H, CH3);


13C NMR
(100 MHz, CDCl3): d=112.43 (C), 110.25 (C), 105.01 (CH), 83.44 (CH),
80.83 (CH), 74.89 (CH), 65.88 (CH), 65.74 (CH2), 26.65 (CH3), 25.64
(CH3), 26.32 (CH3), 25.30 (CH3); HRMS (FAB): calcd for C12H20N3O5:
286.1403; found: 286.1391 [M+H+].


3-Deoxy-1,2 :5,6-di-O-isopropylidene-3-fluoro-b-l-idofuranose (34): Pyri-
dine (0.27 mL, 3.31 mmol) was added at 0 8C under nitrogen to a solution
of 29 (43 mg, 0.17 mmol) in dichloromethane (0.4 mL). After 10 min,
N,N-diethylaminosulfur trifluoride (0.22 mL, 1.65 mmol) was added drop-
wise to the solution, the ice-bath was removed, and the mixture was kept
stirring at room temperature for 24 h. Methanol (3 mL) was added to
quench the reaction, then the mixture was evaporated under reduced
pressure. Water (5 mL) was added to the residue, and the mixture was
extracted with EtOAc (3î5 mL). The combined organic layers were
washed with brine, dried over MgSO4, filtered, and concentrated in
vacuo. Purification of the resulting residue through flash column chroma-
tography (EtOAc/Hex 1:4) provided 34 (20.4 mg, 47%) as a colorless oil.
[a]28


D =�37.3 (c=1.0, CHCl3);
1H NMR (400 MHz, CDCl3): d=6.02 (d,


J=3.8 Hz, 1H, H-1), 4.84 (dd, J=50.7, 2.4 Hz, 1H, H-3), 4.66 (dd, J=
11.6, 3.8 Hz, 1H, H-2), 4.33 (q, J=7.6 Hz, 1H, H-5), 4.17 (ddd, J=30.2,
7.6, 2.4 Hz, 1H, H-4), 4.12 (t, J=7.6 Hz, 1H, H-6a), 3.72 (t, J=7.6 Hz, 1
H, H-6b), 1.47 (s, 3H, CH3), 1.44 (s, 3H, CH3), 1.36 (s, 3H, CH3), 1.30 (s,
3H, CH3);


13C NMR (100 MHz, CDCl3): d=112.39 (C), 110.13 (C),
105.22 (CH), 94.58 (d, J=182.8 Hz, CH), 82.70 (d, J=31.5 Hz, CH),
81.56 (d, J=18.2 Hz, CH), 74.25 (d, J=8.9 Hz, CH), 65.68 (CH2), 26.71
(CH3), 26.69 (CH3), 26.26 (CH3), 25.31 (CH3).


1,6-Anhydro-b-l-idopyranose (35): A solution of 19 (503 mg, 1.93 mmol)
in 0.2n HClEtOH (15 mL) was heated at 95 8C for 18 h. After cooling to
room temperature, the reaction was neutralized by Ag2CO3(s) (400 mg),
and the mixture was filtered through Celite to remove AgCl. The filtrate
was concentrated in vacuo, and the residue was purified by flash column
chromatography using EtOAc to give 35 (275 mg, 88%) as a white solid.
[a]33


D =++106.47 (c=1.0, CHCl3);
1H NMR (400 MHz, CD3COCD3): d=


5.15 (d, J=1.6 Hz, 1H, H-1), 4.42 (d, J=4.2 Hz, 1H, 4-OH), 4.32 (t, J=
4.6 Hz, 1H, H-5), 4.19 (d, J=4.6 Hz, 1H, 3-OH), 4.00 (d, J=6.6 Hz, 1H,
2-OH), 3.96 (d, J=7.4 Hz, 1H, H-6a), 3.66±3.62 (m, 1H. H-4), 3.60±3.56
(m, 1H, H-6b), 3.48±3.45 (m, 1H, H-3), 3.33 (ddd, J=8.2, 6.6, 1.6 Hz, 1
H, H-2); 1H NMR (400 MHz, CD3COCD3 + 1 drop of D2O): d=5.14 (d,
J=1.7 Hz, 1H, H-1), 4.32 (t, J=4.6 Hz, 1H, H-5), 3.96 (d, J=7.4 Hz, 1H,
H-6a), 3.64 (dd, J=8.2, 4.6 Hz, 1H, H-4), 3.56 (dd, J=7.4, 4.6 Hz, 1H,
H-6b), 3.47 (t, J=8.2 Hz, 1H, H-3), 3.34 (dd, 1H, J=8.2, 1.7 Hz, H-2);
13C NMR (75 MHz, CDCl3): d=102.9 (CH), 76.4 (CH), 76.1 (CH), 72.4
(CH), 65.4 (CH2); elemental analysis calcd (%) for C6H10O5: C 44.45, H
6.22; found: C 44.05, H 6.16.


1,2,3,4,6-Penta-O-acetyl-l-idopyranose (36): Compound 35 (75 mg,
0.46 mmol) was dissolved in acetic anhydride (1.5 mL) under nitrogen,
and the reaction flask was immersed in an ice-bath. Trifluoroacetic acid
(0.38 mL) was added to the reaction solution, the ice-bath was removed,
and the mixture was kept stirring at room temperature for 24 h. After
cooling to 0 8C, the reaction was quenched by slow addition of methanol
(4 mL), and the mixture was coevaporated with toluene and ethanol in
vacuo. The residue was purified by flash column chromatography
(EtOAc/Hex 1:1) to afford 36 (0.15 g, 83%, a/b 1:1, determined by
1H NMR) as a colorless oil.


Isomer 36a : IR (CHCl3): ñ = 2990, 2938, 1374, 1204, 1164, 1090,
1016 cm�1; 1H NMR (400 MHz, CDCl3): d=6.04 (d, J=1.8 Hz, 1H, H-1),
5.05 (ddd, J=3.9, 3.0, 0.5 Hz, 1H, H-3), 4.92 (t, J=3.0 Hz, 1H, H-4), 4.86
(ddd, J=3.9, 1.8, 0.5 Hz, 1H, H-2), 4.17 (ddd, J=9.1, 6.0, 3.0 Hz, 1H, H-
5), 4.26±4.14 (m, 2H, H-6a, H-6b), 2.13±2.01 (m, 15H); 13C NMR
(75 MHz, CDCl3): d=170.47 (C), 169.67 (C), 169.02 (C), 168.79 (C),
168.42 (C), 90.61 (CH), 66.69 (CH), 66.30 (CH), 66.23 (CH), 66.14 (CH),
61.76 (CH2), 20.83 (CH3), 20.69 (CH3); elemental analysis calcd (%) for
C16H22O11: C 49.23, H 5.68; found: C 49.44, H 5.80.
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Isomer 36b : 1H NMR (400 MHz, CDCl3): d=6.06 (d, J=2.2 Hz, 1H, H-
1), 5.24 (t, J=4.8 Hz, 1H, H-3), 4.99 (dd, J=4.8, 2.2 Hz, 1H, H-2), 4.89
(dd, J=4.8, 2.4 Hz, 1H, H-4), 4.44 (ddd, J=8.8, 6.3, 2.4 Hz, 1H, H-5),
4.23 (d, J=6.3 Hz, 2H, H-6a, H-6b), 2.13±2.01 (m, 15H); 13C NMR
(100 MHz, CDCl3): d=170.33 (C), 169.35 (C), 168.30 (C), 168.53 (C),
168.46 (C), 89.75 (CH), 71.84 (CH), 67.04 (CH), 66.26 (CH), 66.11 (CH),
62.05 (CH2), 20.71 (CH3), 20.58 (CH3), 20.54 (CH3), 20.48 (CH3), 20.44
(CH3).


2,3,4,6-Tetra-O-acetyl-a-l-idopyranosyl chloride (37): Dichloromethyl
methyl ether (2.2 mL) was added to a mixture of 36 (520 mg, 1.33 mmol)
and freshly fused zinc chloride (19 mg, 0.14 mmol) in dichloromethane
(2.2 mL) at room temperature under nitrogen. The mixture was refluxed
for 0.5 h, cooled in an ice-bath, and neutralized by aq sat NaHCO3


(3 mL). The whole mixture was extracted with dichloromethane (3î
3 mL), and the combined organic layers were dried over MgSO4, filtered,
and concentrated in vacuo. The crude product was purified by flash
column chromatography (Et3N/EtOAc/Hex 1:8:11), the solid residue was
recrystallized via vapor diffusion method to provide 37 (444 mg, 91%) as
colorless crystals. [a]31


D =�114.3 (c=1.3, CHCl3); m.p. 115±116 8C; IR
(CHCl3): ñ = 2973, 1747, 1372, 1218, 1047 cm�1; 1H NMR (400 MHz,
CDCl3): d=6.02 (s, 1H, H-1), 5.03±4.99 (m, 2H, H-2, H-3), 4.93±4.92 (m,
1H, H-4), 4.69±4.66 (m, 1H, H-5), 4.27±4.19 (m, 2H, H-6a, H-6b), 2.16
(s, 3H, CH3), 2.14 (s, 3H, CH3), 2.13 (s, 3H, CH3), 2.10 (s, 3H, CH3);
13C NMR (100 MHz, CDCl3): d=170.47 (C), 169.54 (C), 168.89 (C),
168.80 (C), 88.23 (CH), 68.46 (CH), 66.35 (CH), 65.87 (CH), 65.60 (CH),
61.74 (CH2), 20.79 (CH3), 20.68 (CH3), 20.59 (CH3); elemental analysis
calcd (%) for C14H19ClO9: C 45.85, H 5.22; found: C 45.85, H 5.26.


2,3,4,6-Tetra-O-acetyl-l-idopyranose (41): Trifluoroacetic acid (0.28 mL)
was added at room temperature under nitrogen to a solution of com-
pound 35 (69 mg, 0.43 mmol) in acetic anhydride (1.4 mL). After stirring
for 24 h, a solution of 30% HBr in acetic acid (1 mL, 4.2 mmol) was
added, and the mixture was kept stirring at room temperature for anoth-
er 6 h. The reaction was quenched with aq sat NaHCO3 at 0 8C, and the
whole mixture was extracted with EtOAc (3î5 mL). The combined or-
ganic layers were consecutively washed with aq sat NaHCO3 twice fol-
lowed by brine. The organic phase was dried over MgSO4, filtered, and
concentrated in vacuo, and the resulting residue was purified by flash
column chromatography (EtOAc/Hex 2:3) to produce 41 (133 mg, 90%)
as a colorless oil.


4-Methylcoumarin-7-yl-2,3,4,6-tetra-O-acetyl-a-l-idopyranoside (42): A
solution of diethyl azodicarboxylate (0.16 mL, 1.0 mmol) in THF
(3.6 mL) was added to a mixture of 41 (0.26 g, 0.76 mmol), triphenylphos-
phine (0.25 g, 0.95 mmol), and 7-hydroxy-4-methylcoumarin (38 ; 0.27 g,
1.5 mmol) in THF (4 mL) at 0 8C under nitrogen. After stirring for 2 h,
the ice-bath was removed, and the reaction was quenched with aq sat
NaHCO3. The solution was diluted with EtOAc (5 mL), and the mixture
was sequentially washed by aq 0.2n NaOH (3î5 mL), water (2î5 mL),
then brine. The organic layer was dried over MgSO4, filtered and concen-
trated in vacuo. Purification of the residue through flash column chroma-
tography (EtOAc/Hex 3:2) gave 42 (225 mg, 58%) and its b-isomer
(93 mg, 24%).


Compound 42 : 1H NMR (400 MHz, CDCl3): d=7.53 (d, J=8.8 Hz, 1H,
Ar-H), 7.08 (d, J=2.4 Hz, 1H, Ar-H), 6.97 (dd, J=8.8, 2.4 Hz, 1H, Ar-
H), 6.20 (d, J=1.2 Hz, 1H), 5.59 (s, 1H), 5.10 (t, J=3.4 Hz, 1H), 5.07±
5.06 (m, 1H), 4.95 (t, J=2.6 Hz, 1H), 4.50 (ddd, J=6.3, 6.3, 1.9 Hz, 1H),
4.18 (d, J=6.3 Hz, 2H), 2.42 (d, J=1.2 Hz, 3H, CH3), 2.18±2.14 (m, 9H,
CH3), 1.93 (s, 3H, CH3);


13C NMR (100 MHz, CDCl3): d=169.93 (C),
169.23 (C), 168.79 (C), 168.53 (C), 160.37 (C), 158.13 (C), 154.41 (C),
151.69 (C), 125.157 (CH), 114.76 (C), 113.02 (CH), 112.63 (CH), 104.15
(CH), 95.43 (CH), 66.32 (CH), 66.07 (CH), 65.66 (CH), 65.03 (CH),
61.44 (CH2), 20.36 (CH3), 20.34 (CH3), 20.21 (CH3), 20.08 (CH3), 18.19
(CH3); elemental analysis calcd (%) for C24H26O12: C 55.92, H 5.17;
found: C 55.62, H 5.29.


Isomer 42b : 1H NMR (400 MHz, CDCl3): d=7.52 (d, J=8.8 Hz, 1H, Ar-
H), 7.05 (d, J=2.4 Hz, 1H, Ar-H), 6.97 (dd, J=8.8, 2.4 Hz, 1H, Ar-H),
6.19 (d, J=1.2 Hz), 5.59 (d, J=2.4 Hz, 1H), 5.45 (t, J=5.6 Hz, 1H), 5.15
(dd, J=5.6, 2.4 Hz, 1H), 5.03 (dd, J=3.6, 5.6 Hz, 1H), 4.49±4.46 (m, 1
H), 4.32±4.19 (m, 1H), 2.41 (d, J=1.2 Hz, 3H), 2.19±2.07 (m, 9H), 2.01
(s, 3H); 13C NMR (100 MHz, CDCl3): d=170.29 (C), 169.53 (C), 169.39
(C), 168.52 (C), 154. 74 (C), 151.97 (C), 125.48 (CH), 115.16 (C), 113.65


(CH), 113.00 (CH), 103.74 (CH), 95.36 (CH), 71.67 (CH), 67.37 (CH),
67.04 (CH), 66.73 (CH), 62.49 (CH2), 20.57 (CH3), 20.44 (CH3), 18.52
(CH3); HRMS (FAB): calcd for C24H27O12: 507.1502; found: 507.1517
[M+H+].


4-Methylcoumarin-7-yl-a-l-Idopyranoside (43): A mixture of 42 (0.15 g,
0.31 mmol) and sodium methoxide (2.4 mg, 45 mmol) in methanol
(1.5 mL) was stirred at room temperature for 3 h under nitrogen. The re-
action solution was neutralized with Amberlite-120 acidic resin, and the
mixture was filtered to remove the resin followed by washings with meth-
anol. The filtrate was concentrated in vacuo, and the resulting solid was
recrystallized in a mixed solvent (EtOAc/MeOH/Hex 1:1:10) to furnish
43 (89 mg, 88%) as a white solid. 1H NMR (400 MHz, [D6]acetone): d=
7.69 (d, J=9.4 Hz, 1H, Ar-H), 7.19±7.16 (m, 2H, Ar-H), 6.20 (s, 1H),
5.55 (d, J=3.4 Hz, 1H), 4.77 (d, J=7.2 Hz, 1H), 4.58 (d, J=5.8 Hz, 1H),
4.33 (d, J=4.8 Hz, 1H), 4.20 (ddd, J=5.7, 5.7, 2.3 Hz, 1H), 4.04 (t, J=
5.8 Hz, 1H), 3.95 (q, J=4.6 Hz, 1H), 3.85±3.79 (m, 4H), 2.45 (d, J=
1.2 Hz, 3H); HRMS (FAB): calcd for C16H19O8: 339.1080; found:
339.1084 [M+H+]; elemental analysis calcd (%) for C16H18O8: C 56.80, H
5.36; found: C 56.63, H 5.38.


1,6-Anhydro-3,4-di-O-benzoyl-2-O-trifluoromethanesulfonyl-b-l-idopyra-
nose (45): Trifluoromethanesulfonic anhydride (0.25 mL, 1.48 mmol) was
added to a solution of 35 (201 mg, 1.24 mmol) in pyridine (2 mL) at 0 8C
under nitrogen. After stirring at the same temperature for 30 min, benzo-
yl chloride (0.58 mL, 5.0 mmol) was added to the mixture, the ice-bath
was removed. The reaction solution was kept stirring for another 16 h,
and methanol (0.4 mL) was added to quench the reaction. The mixture
was coevaporated with toluene under reduced pressure, and the residue
was dissolved in EtOAc (10 mL). The solution was consecutively washed
with aq 2n HCl, aq sat NaHCO3, and brine. The organic layer was dried
over MgSO4, filtered, and concentrated in vacuo. The residue was puri-
fied by column chromatography (EtOAc/Hex 1:4) to provide 45 (485 mg,
78%). [a]23


D =�29.2 (c=1.0, CHCl3); m.p. 156±157 8C; IR (CHCl3): ñ=


3090, 2922, 2834, 1476, 1412, 1346, 1209, 1141, 1139, 1099, 1017, 963, 890,
754 cm�1; 1H NMR (400 MHz, CDCl3): d = 7.92 (d, J=7.6 Hz, 2H, Bz-
H), 7.90 (d, J=7.2 Hz, 2H, Bz-H), 7.49 (dd, J=7.6, 7.2 Hz, 2H, Bz-H),
7.37 (d, J=7.6 Hz, 2H, Bz-H), 7.33 (d, J=7.2 Hz, 2H, Bz-H), 5.92 (t, J=
8.8 Hz, 1H, H-3), 5.63 (s, 1H, H-1), 5.31 (dd, J=8.8, 4.6 Hz, 1H, H-4),
4.87 (d, J=8.8 Hz, 1H, H-2), 4.84 (t, J=4.6, 1H, H-5), 4.32 (d, J=8.0 Hz,
1H, H-6a), 3.86 (dd, J=8.0, 4.6 Hz, 1H, H-6b); 13C NMR (125 MHz,
CDCl3): d=165.25 (C), 165.09 (C), 133.86 (CH), 133.66 (CH), 118.23
(quant, J=253.3 Hz, C), 99.09 (CH), 84.61 (CH), 72.86 (CH2), 71.58
(CH), 69.38 (CH), 65.20 (CH).


1,6-Anhydro-3,4-di-O-benzoyl-b-l-gulopyranose (46): Sodium nitrite
(123 mg, 1.8 mmol) and [15]crown-5 (0.36 mL, 1.8 mmol) at room tem-
perature were sequentially added to a solution of 45 (300 mg, 0.60 mmol)
in HMPA (3 mL). After stirring overnight, the reaction was quenched
with H2O (4 mL) and extracted with EtOAc (3î30 mL). The combined
organic layers were washed with brine, dried over MgSO4, filtered and
concentrated in vacuo. The residue was purified by flash column chroma-
tography (EtOAc/Hex 1:2) to afford 46 (205 mg, 91%) as a white solid.
[a]25


D =�131.3 (c=1.0, CHCl3); m.p. 151±152 8C; 1H NMR (400 MHz,
CD3Cl3): d=8.03 (dd, J=8.1, 1.1 Hz, 2H, Bz-H), 7.59±7.52 (m, 2H, Bz-
H), 7.99 (dd, J=8.1, 1.1 Hz, 2H, Bz-H), 7.42 (td, J=8.1, 2.0 Hz, 4H, Bz-
H), 5.65 (ddd, J=9.7, 4.5, 0.8 Hz, 1H, H-4), 5.57 (d, J=2.4 Hz, 1H, H-1),
5.54 (dd, J=9.7, 4.5 Hz, 1H, H-3), 4.83 (t, J=4.5 Hz, 1H, H-5), 4.31
(ddd, J=7.5, 4.5, 2.4 Hz, 1H, H-2), 4.26 (d, J=8.0 Hz, 1H, H-6a), 3.82
(d, J=8.0, 4.5 Hz, 1H, H-6b), 2.16 (d, J=7.5 Hz, 1H, 2-OH); 13C NMR
(100 MHz, CDCl3): d=165.62 (C), 165.59 (C), 133.57 (CH), 133.56 (CH),
129.80 (CH), 129.19 (C), 128.88 (C), 128.50 (CH), 101.53 (CH), 72.57
(CH), 70.30 (CH), 69.72 (CH), 69.49 (CH), 64.26 (CH2); HRMS (FAB):
calcd for C20H17O7: 371.1130; found: 371.1136 [M +]; elemental analysis
calcd (%) for C20H18O7: C 64.86, H 4.90; found: C 64.80, H 4.91.


1,6-Anhydro-2-azido-3,4-di-O-benzoyl-2-deoxy-b-l-gulopyranose (47): A
mixture of 45 (3.04 g, 6.05 mmol), sodium azide (1.97 g, 0.03 mol), and
[15]crown-5 (126 mL, 0.63 mmol) in DMF (30 mL) was stirred at room
temperature for 16 h. Water (25 mL) was added to the reaction solution,
and the mixture was extracted with EtOAc (3î30 mL). The combined
organic layers were washed with brine, dried over MgSO4, filtered, and
concentrated in vacuo. After purification via flash column chromatogra-
phy (EtOAc/Hex 1:6), the solid residue was recrystallized through vapor
diffusion method to give 47 (2.15 g, 90%) as colorless crystals. [a]33


D =
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�69.12 (c=1.0, CHCl3); IR (CHCl3): ñ=2109, 1727, 1272, 1112 cm�1;
1H NMR (400 MHz, CDCl3): d=8.06 (dd, J=8.0, 1.4 Hz, 2H, Bz-H), 7.98
(dd, J=8.0, 1.4 Hz, 2H, Bz-H), 7.56±7.54 (m, 2H, Bz-H), 7.45±7.40 (m, 4
H, Bz-H), 5.75 (dd, J=9.6, 5.3 Hz, 1H, H-3), 5.65 (dd, J=9.6, 4.2 Hz, 1
H, H-4), 5.56 (d, J=2.2 Hz, 1H, H-1), 4.85 (t, J=4.2 Hz, 1H, H-5), 4.27
(d, J=8.1 Hz, 1H, H-6a), 4.18 (dd, J=5.3, 2.2 Hz, 1H, H-2), 3.82 (dd,
J=8.1, 4.2 Hz, 1H, H-6b); 13C NMR (100 MHz, CDCl3): d=165.59 (C),
165.30 (C), 133.67 (CH), 130.00 (CH), 129.79 (CH), 128.83 (C), 128.55
(CH), 100.58 (CH), 72.59 (CH), 69.69 (CH), 69.44 (CH), 64.84 (CH2),
61.92 (CH); HRMS (FAB): calcd for C20H17N3O6: 396.1196; found:
396.1209 [M +].


6-O-Acetyl-2-azido-3,4-di-O-benzoyl-2-deoxy-l-gulopyranosyl acetate
(48): Compound 47 (0.10 g, 0.25 mmol) was dissolved in dichloromethane
(1 mL) followed by consecutive addition of acetic anhydride (2 mL), tri-
fluoroacetic acid (0.4 mL), and a solution of 1% H2SO4 in acetic anhy-
dride (0.5 mL) at room temperature under nitrogen. The mixture was
kept stirring for 2 h, the reaction flask was immersed in an ice-bath, and
the reaction was quenched by aq sat NaHCO3 (10 mL). The mixture was
extracted with dichloromethane (3î10 mL), and the combined organic
layers were dried over MgSO4, filtered, and concentrated in vacuo to
afford 48 (112 mg, 89%). 48b : 1H NMR (400 MHz, CDCl3): d=8.10±8.06
(m, 4H, Bz-H), 7.65±7.60 (m, 2H, Bz-H), 7.51±7.47 (m, 4H, Bz-H), 6.12
(d, J=8.6 Hz, 1H, H-1), 5.73 (t, J=4.0 Hz, 1H, H-3), 5.35 (dd, J=4.0,
1.4 Hz, 1H, H-4), 4.48 (dt, J=6.4, 1.4 Hz, 1H, H-5), 4.26±4.18 (m, 2H,
H-6a, H-6b), 4.00 (dd, J=8.6, 4.0 Hz, 1H, H-2), 2.23 (s, 3H, CH3), 1.98
(s, 3H, CH3).


1,6-Anhydro-2,3,4-tri-O-trimethylsilyl-b-l-idopyranose (49): Triethyla-
mine (5.5 mL, 40 mmol) at room temperature under nitrogen was added
to a solution of compound 35 (1.28 g, 7.89 mmol) in dichloromethane
(26 mL). The mixture was cooled to 0 8C, and trimethylsilyl chloride
(4.0 mL, 32 mmol) was slowly added to the reaction solution. The ice-
bath was removed, and the reaction was kept stirring at room tempera-
ture for 3.5 h. The mixture was evaporated under reduced pressure, the
residue was diluted with hexane (20 mL), and the salt was filtered fol-
lowed by washings with hexane. The filtrate was concentrated in vacuo,
and the resulting residue was recrystallized in ethanol to get 49 as a
white solid (2.93 g, 98%). [a]30


D =++43.3 (c=1.0, CHCl3); m.p. 65±66 8C;
IR (CHCl3): ñ = 3476, 3303, 2955, 1129, 1062, 1027, 956 cm�1; 1H NMR
(400 MHz, CDCl3): d=5.18 (d, J=1.6 Hz, 1H, H-1), 4.26 (t, J=4.6 Hz, 1
H, H-5), 4.08 (d, J=7.5 Hz, 1H, H-6a), 3.69 (dd, J=7.5, 4.6 Hz, 1H, H-
4), 3.68 (dd, J=7.5, 4.6 Hz, 1H, H-6b), 3.56 (t, J=7.5 Hz, 1H, H-3), 3.47
(dd, J=7.5, 1.6 Hz, 1H, H-2), 0.17 (s, 9H, SiMe3), 0.14 (s, 9H, SiMe3),
0.13 (s, 9H, SiMe3);


13C NMR (75 MHz, CDCl3): d=102.06 (CH), 76.35
(CH), 75.72 (CH), 72.91 (CH), 65.07 (CH2), 0.87 (CH3), 0.35 (CH3); ele-
mental analysis calcd (%) for C15H34O5Si3: C 47.62, H 8.99; found: C
47.50, H 9.03.


1,6-Anhydro-3-O-benzyl-b-l-idopyranose (51): TMSOTf (18 mL,
0.10 mmol) was added to a mixture of compound 49 (0.38 g, 1.0 mmol),
benzaldehyde (0.15 mL, 1.5 mmol), and freshly dried 3 ä molecular
sieves (0.76 g) in dichloromethane (8 mL) at �78 8C under nitrogen. The
solution was stirred at the same temperature for 1 h, triethylsilane
(0.24 mL, 1.5 mmol) was added to the mixture, and the reaction was kept
stirring for another 1 h. A 1m solution of tetra-n-butylammonium fluo-
ride in THF (4 mL, 4 mmol) was added to the reaction mixture, and the
resulting solution was further stirred for 1.5 h followed by addition of aq
sat NH4Cl (15 mL). The mixture was extracted with ethyl acetate (3î
15 mL), and the combined organic layers were washed with brine, dried
over MgSO4, filtered, and concentrated in vacuo. The residue was puri-
fied by flash column chromatography on silica gel (EtOAc/Hex 3:2) to
give a white solid, which was further recrystallized via vapor diffusion
method to produce 51 (181 mg, 72%) as colorless crystals. [a]27


D =++69.2
(c=1.0, MeOH); m.p. 158±159 8C; IR (CHCl3): ñ = 3301, 1128, 1028,
949 cm�1; 1H NMR (400 MHz, CDCl3): d=7.36±7.28 (m, 5H, Ph-H), 5.27
(d, J=1.8 Hz, 1H, H-1), 4.93 (d, J=11.7 Hz, 1H, CH2Ph), 4.72 (d, J=
11.7 Hz, 1H, CH2Ph), 4.41 (t, J=4.9 Hz, 1H, H-5), 4.01 (d, J=7.8 Hz, 1
H, H-6a), 3.85 (ddd, J=7.8, 4.9, 3.3 Hz, 1H, H-4), 3.71 (dd, J=7.8,
4.9 Hz, 1H, H-6b), 3.64 (dt, J=7.8, 1.8 Hz, 1H, H-2), 3.37 (t, J=7.8 Hz,
1H, H-3), 2.09 (d, J=3.3 Hz, 1H, 4-OH), 1.89 (d, J=7.8 Hz, 1H, 2-OH);
13C NMR (75 MHz, CDCl3): d=138.40 (C), 128.68 (CH), 128.03 (CH),
127.88 (CH), 101.82 (CH), 84.19 (CH), 75.44 (CH), 74.99 (CH), 74.50
(CH2), 71.07 (CH), 65.05 (CH2); HRMS (FAB): calcd for C13H16O5:


252.0997; found: 252.0992 [M +]; elemental analysis calcd (%) for
C13H16O5: C 61.90, H 6.39; found: C 61.65, H 6.35.


1,6-Anhydro-3-O-benzyl-b-l-allopyranose (52): Compound 51 (0.50 g,
1.98 mmol) was dissolved in pyridine (10 mL) at room temperature under
nitrogen, the mixture was cooled to 0 8C, trifluoromethanesulfonic anhy-
dride (1.0 mL, 5.95 mmol) was added to the solution, and the ice-bath
was removed. After stirring for 16 h, the reaction was quenched with
water (1 mL), and the solvent was coevaporated with toluene under re-
duced pressure. The residue was dissolved in EtOAc (15 mL), and the
mixture was consecutively washed with aq 2n HCl, aq sat NaHCO3, and
brine. The organic phase was dried over MgSO4, filtered, and concentrat-
ed in vacuo to give a residue, which was recrystallized in ethanol to yield
the corresponding 2,4-di-OTf derivative as a white solid (927 mg, 88%).
[a]23


D =++32.8 (c=1.1, CHCl3); m.p. 117±118 8C; IR (CHCl3): ñ=2974,
3076, 1723, 1415, 1274, 1211, 1246, 1241, 1203, 1139, 1100, 927, 702 cm�1;
1H NMR (400 MHz, CDCl3): d=7.42±7.28 (m, 5H, Ar-H), 5.62 (s, 1H,
H-1), 4.99 (dd, J=8.0, 4.0, H-2), 4.80 (ddd, J=4.8, 4.0, 1.2 Hz, H-5), 4.79
(s, 1H, CH2Ph), 4.78 (s, 1H, CH2Ph), 4.75 (d, J=8.0, 1.2 Hz, H-4), 4.21
(d, J=8.6 Hz, H-6a), 4.13 (t, J=8.0 Hz, H-3), 3.95 (dd, J=8.6, 4.8 Hz, H-
6b); 13C NMR (100 MHz, CDCl3): d = 135.81 (CH), 128.68 (CH), 28.64
(CH), 28.53 (CH), 118.43 (q, J=299.8 Hz, C), 98.97 (CH), 86.35 (CH),
83.06 (CH), 76.39 (CH2), 75.95 (CH), 73.05 (CH), 65.91 (CH2); HRMS
(FAB): calcd for C15H15F6O9S2: 517.00617; found: 517.0233 [M+H+]; ele-
mental analysis calcd (%) for C14H15F6O9S2: C 34.89, H 2.73; found: C
34.89, H 2.69.


A mixture of this 2,4-di-OTf compound (50 mg, 0.09 mmol), NaNO2


(67 mg, 1.0 mmol), and [15]crown-5 (0.22 mL, 1.0 mmol) in HMPA
(1 mL) was stirred at room temperature for 24 h. Water (3 mL) was
added to the reaction solution, and the mixture was extracted with
EtOAc (2î5 mL). The combined organic layers were washed with brine,
dried over MgSO4, filtered, and concentrated in vacuo, and the residue
was purified by flash column chromatography on silica gel (EtOAc/Hex
2:1) to provide 52 (11.5 mg, 47%) as a colorless oil. [a]23


D =�18.6 (c=
0.25, CHCl3); IR (CHCl3): ñ=3412, 3052, 2949, 1413, 1211, 1138,
946 cm�1; 1H NMR (400 MHz, CDCl3): d=7.62±7.28 (m, 5H, Ar-H), 5.47
(d, J=1.5 Hz, 1H, H-1), 4.89 (dd, J=8.2, 1.5 Hz, 1H, H-2), 4.76 (d, J=
11.7 Hz, 1H, CH2Ph), 4.60 (dd, J=5.5, 2.5 Hz, 1H, H-4), 4.54 (d, J=
11.7 Hz, 1H, CH2Ph), 3.89±3.82 (m, 3H, H-3, H-5, H-6a), 3.62 (d, J=
8.2 Hz, H-6b), 2.15±1.91 (br, 2H, 2-OH, 4-OH); 13C NMR (100 MHz,
CDCl3): d=137.45 (C), 128.77 (CH), 128.35 (CH), 128.00 (CH), 78.14
(CH), 74.18 (CH), 71.86 (CH2), 68.94 (CH), 67.87 (CH), 63.58 (CH2).


1,6-Anhydro-2-O-benzoyl-3-O-benzyl-b-l-idopyranose (53): Pyridine
(3.0 mL, 37.2 mmol) at room temperature under nitrogen was added to a
solution of compound 51 (3.00 g, 11.9 mmol) in dichloromethane
(35 mL). The reaction flask was immersed in an ice-bath, and benzoyl
chloride (1.45 mL, 12.5 mmol) was slowly added to the mixture. After
stirring at the same temperature for 4 h, the reaction was quenched by
methanol (2 mL), and the solvent was evaporated with toluene under re-
duced pressure. The residue was dissolved in EtOAc (30 mL), and the
mixture was sequentially washed with aq 2n HCl, aq sat NaHCO3, water,
and brine. The organic layer was dried over anhydrous MgSO4, filtered,
and concentrated in vacuo to furnish a solid residue, which was recrystal-
lized via vapor diffusion method to get 53 (3.60 g, 85%) as colorless crys-
tals. [a]27


D =++127.5 (c=1.2, CHCl3); m.p. 142±143 8C; IR (CHCl3): ñ =


3473, 2904, 1722, 1452, 1272, 1113, 1027, 712 cm�1; 1H NMR (400 MHz,
CDCl3): d=8.08 (dd, J=7.6, 1.3 Hz, 2H, Bz-H), 7.59 (tt, J=7.6, 1.3 Hz, 1
H, Bz-H), 7.46 (t, J=7.6 Hz, 2H, Bz-H), 7.29±7.24 (m, 5H, Ar-H), 5.53
(d, J=1.6 Hz, 1H, H-1), 5.07 (dd, J=8.2, 1.6 Hz, 1H, H-2), 4.80 (d, J=
11.6 Hz, 1H, CH2Ph), 4.65 (d, J=11.6 Hz, 1H, CH2Ph), 4.51 (t, J=
4.6 Hz, 1H, H-5), 4.15 (d, J=7.5 Hz, 1H, H-6a), 4.00 (ddd, J=8.2, 4.6,
3.0 Hz, 1H, H-4), 3.87 (t, J=8.2 Hz, 1H, H-3), 3.76 (dd, J=7.5, 4.6 Hz, 1
H, H-6b), 2.22 (d, J=3.0 Hz, 1H, 4-OH); 13C NMR (100 MHz, CDCl3):
d=165.77 (C), 137.94 (C), 133.38 (CH), 129.81 (CH), 129.40 (C), 128.53
(CH), 128.45 (CH), 127.96 (CH), 127.84 (CH), 99.41 (CH), 80.24 (CH),
76.71 (CH), 75.07 (CH), 74.58 (CH2), 71.33 (CH), 65.27 (CH); HRMS
(FAB): calcd for C20H21O6: 357.1338; found: 357.1353 [M+H+]; elemen-
tal analysis calcd (%) for C20H20O6: C 67.41, H 5.61; found: C 67.20, H
5.44.


1,6-Anhydro-2-O-benzoyl-3-O-benzyl-4-O-trifluoromethanesulfonyl-b-l-
idopyranose (54): A solution of benzoyl chloride (49 mL, 0.42 mmol) in
dichloromethane (0.7 mL) was added to a mixture of compound 51
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(0.10 g, 0.40 mmol) in pyridine (0.5 mL) at 0 8C under nitrogen. After stir-
ring at the same temperature for 4 h, trifluoromethanesulfonic anhydride
(0.20 mL, 1.2 mmol) was added to the reaction solution, the ice-bath was
removed, and the mixture was kept stirring at room temperature for an-
other 1 h. The reaction was quenched by addition of MeOH (0.5 mL),
and the mixture was coevaporated with toluene under reduced pressure.
The solid residue was dissolved in water (4 mL), the mixture was extract-
ed with EtOAc (3î5 mL), and the combined organic layers were washed
with aq 2n HCl, then brine. The organic phase was dried over MgSO4,
filtered, and concentrated in vacuo. The residue was purified by flash
column chromatography on silica gel (EtOAc/Hex 1:4) to furnish a white
solid, which was recrystallized through vapor diffusion method to afford
54 (0.17 g, 88%) as colorless crystals. [a]25


D =++147.1 (c=1.0, CHCl3);
m.p. 125±126 8C; IR (CHCl3): ñ=1726, 1417, 1270, 1245, 1212, 1142,
937 cm�1; 1H NMR (400 MHz, CDCl3): d=7.99 (dd, J=8.4, 1.3 Hz, 2H,
Bz-H), 7.58 (tt, J=8.4, 1.3 Hz, 1H, Bz-H), 7.44 (t, J=8.4 Hz, 2H, Bz-H),
7.23 (s, 5H, Ar-H), 5.56 (d, J=1.8 Hz, 1H, H-1), 5.10 (dd, J=8.2, 1.8 Hz,
H-2), 5.01 (dd, J=8.2, 4.6 Hz, H-4), 4.77 (t, J=4.6 Hz, 1H, H-5), 4.73 (d,
J=11.0 Hz, 1H, CH2Ph), 4.66 (d, J=11.0 Hz, 1H, CH2Ph), 4.18 (d, J=
8.1 Hz, 1H, H-6a), 4.12 (t, J=8.2 Hz, H-3), 3.88 (dd, J=8.1, 4.6 Hz, 1H,
H-6b); 13C NMR (75 MHz, CDCl3): d=165.34 (C), 136.65 (C), 133.67
(CH), 129.88 (CH), 128.91 (C), 128.54 (CH), 128.39 (CH), 128.06 (CH),
127.96 (CH), 120.84 (q, J=317.5 Hz, CF3), 99.40 (CH), 83.77 (CH), 76.78
(CH), 76.58 (CH), 75.23 (CH2), 73.03 (CH), 65.42 (CH2); HRMS (FAB):
calcd for C21H20F3O8S: 489.0830; found: 489.0854 [M+H+]; elemental
analysis calcd (%) for C21H19F3O8S: C 51.64, H 3.89; found: C 51.15, H
3.73.


1,6-Anhydro-2-O-benzoyl-3-O-benzyl-b-l-altropyranose (55): Compound
54 (50 mg, 0.10 mmol) was dissolved in HMPA (1 mL) at room tempera-
ture, NaNO2 (70 mg, 1.0 mmol) and [15]crown-5 (40 mL, 0.20 mmol) were
consecutively added to the reaction solution, and the mixture was kept
stirring for 3 d. The resulting solution was filtered through Celite, and the
filtrate was diluted with EtOAc (10 mL), which was sequentially washed
by water (4î6 mL) and brine. The organic layer was dried over anhy-
drous MgSO4, filtered, and concentrated in vacuo. The residue was puri-
fied by flash column chromatography (EtOAc/Hex 1:1) to yield 55
(30.6 mg, 84%) as a white solid. [a]25


D =++199.5 (c=1.0, CHCl3); m.p. 99±
100 8C; IR (CHCl3): ñ=3481, 2918, 1718, 1453, 1273, 1110, 1030,
713 cm�1; 1H NMR (400 MHz, CDCl3): d=8.01 (dd, J=8.5, 1.1 Hz, 2H,
Bz-H), 7.57 (tt, J=8.5, 1.1 Hz, 1H, Bz-H), 7.43 (t, J=8.5 Hz, 2H, Bz-H),
7.23 (s, 5H, Ar-H), 5.53 (d, J=1.7 Hz, 1H, H-1), 5.21 (dd, J=8.6, 1.7 Hz,
H-2), 4.71 (dd, J=5.4, 2.2 Hz, H-5), 4.68 (d, J=12.1 Hz, 1H, CH2Ph),
4.60 (d, J=12.1 Hz, 1H, CH2Ph), 3.98 (dd, J=4.5, 2.2 Hz, 1H, H-4), 3.88
(dd, J=8.6, 4.5, 1H, H-3), 3.80 (dd, J=7.9, 5.4 Hz, 1H, H-6a), 3.71 (d,
J=7.9, 1H, H-6b), 2.98±2.89 (bs, 1H, 4-OH); 13C NMR (100 MHz,
CDCl3): d=165.77 (C), 137.06 (C), 133.30 (CH), 129.85 (CH), 129.50 (C),
128.55 (CH), 128.38 (CH), 128.16 (CH), 127.85 (CH), 99.30 (CH), 75.97
(CH), 74.31 (CH), 74.09 (CH), 72.14 (CH2), 68.41 (CH), 65.46 (CH2);
HRMS (FAB): calcd for C21H20O6: 357.1338; found: 357.1327 [M+H+];
elemental analysis calcd (%) for C20H19O6: C 67.57, H 5.57; found: C
67.40, H 5.66.


1,6-Anhydro-4-azido-2-O-benzoyl-3-O-benzyl-4-deoxy-b-l-altropyranose
(56): A mixture of 54 (60 mg, 0.12 mmol) and NaN3 (33 mg, 0.51 mmol)
in DMF (1 mL) was stirred at 50 8C for 18 h. The solvent was coevaporat-
ed with toluene under reduced pressure, the syrup was dissolved in water
(3 mL), and the mixture was extracted with EtOAc (3î5 mL). The com-
bined organic layers were washed with brine, dried over MgSO4, filtered,
and concentrated in vacuo. The residue was purified by flash column
chromatography (EtOAc/Hex 1:4) to give a white solid, which was re-
crystallized via vapor diffusion method to yield 56 (45.4 mg, 97%) as col-
orless crystals. [a]25


D =++193.4 (c=1.0, CHCl3); m.p. 132±133 8C; IR
(CHCl3): ñ=2904, 2111, 1717, 1453, 1271, 1113, 1030, 980, 715 cm�1;
1H NMR (400 MHz, CDCl3): d=8.01 (dd, J=8.5, 1.4 Hz, 2H, Bz-H), 7.57
(tt, J=8.5, 1.4 Hz, 1H, Bz-H), 7.43 (t, J=8.5 Hz, 2H, Bz-H), 7.28±7.23
(m, 5H, Ar-H), 5.55 (d, J=1.7 Hz, 1H, H-1), 5.23 (dd, J=8.9, 1.7 Hz, H-
2), 4.70 (d, J=12.2 Hz, 1H, CH2Ph), 4.64 (d, J=12.2 Hz, 1H, CH2Ph),
4.62 (dd, J=4.7, 2.1 Hz, H-5), 4.09 (dd, J=8.9, 5.0 Hz, 1H, H-3), 3.80
(dd, J=5.0, 2.1 Hz, 1H, H-4), 3.78 (dd, J=8.1, 4.7 Hz, 1H, H-6a), 3.71
(d, J=8.1 Hz, 1H, H-6b); 13C NMR (100 MHz, CDCl3): d=165.63 (C),
137.15 (C), 133.36 (CH), 129.88 (CH), 129.44 (C), 128.55 (CH), 128.42
(CH), 128.13 (CH), 127.90 (CH), 99.61 (CH), 75.68 (CH), 74.39 (CH),


74.16 (CH), 72.53 (CH2), 66.32 (CH2), 60.99 (CH); HRMS (FAB): calcd
for C20H20O5N3: 382.1429; found: 382.1439 [M+H+]; elemental analysis
calcd (%) for C20H19N3O5: C 62.98, H 5.02, N 11.01; found: C 63.23, H
5.01, N 11.09.


1,6-Anhydro-2,4-di-O-benzoyl-b-d-mannopyranose (58): N-Benzoyloxy-
benzotriazole (5.31 g, 22.2 mmol) at room temperature under nitrogen
was added to a solution of 57 (3.00 g, 18.5 mmol) in pyridine (60 mL).
The reaction mixture was stirred for 28 h, the same amount of N-benzoyl-
oxybenzotriazole (5.31 g, 22.2 mmol) was added to the solution, and the
mixture was kept stirring for another 48 h. The solvent was coevaporated
with toluene under reduced pressure, water (80 mL) was added to the
solid residue, and the mixture was extracted with EtOAc (2î150 mL).
The combined organic layers were washed with brine, dried over anhy-
drous MgSO4, filtered and concentrated in vacuo. The residue was puri-
fied by flash column chromatography (EtOAc/Hex 1:2!2:1) to furnish a
white solid, which was recrystallized through vapor diffusion method to
afford 58 (3.70 g, 54%) as colorless crystals. IR (CHCl3): ñ=3552, 2963,
1720, 1601, 1451, 1317, 1266, 1108, 1071, 1028, 986, 710 cm�1; 1H NMR
(400 MHz, CDCl3): d=8.08 (d, J=7.8 Hz, 4H, Bz-H), 7.58 (t, J=8.1 Hz,
2H, Bz-H), 7.47±7.43 (m, 4H, Bz-H), 5.66 (s, 1H, H-1), 5.24 (d, J=
1.6 Hz, 1H, H-4), 5.18 (dd, J=5.2, 1.6 Hz, 1H, H-2), 4.78 (d, J=5.4 Hz, 1
H, H-5), 4.44 (d, J=7.6 Hz, 1H, H-6a), 4.37 (t, J=1.6 Hz, 1H, H-3), 3.86
(dd, J=7.6, 5.4 Hz, 1H, H-6b), 3.00 (s, 1H, 3-OH); 13C NMR (100 MHz,
CDCl3): d=165.29 (C), 165.27 (C), 133.67 (CH), 133.57 (CH), 133.52
(CH), 129.31 (C), 128.99 (C), 128.36 (CH), 100.07 (CH), 74.32 (CH), 73.
74 (CH), 69.90 (CH), 68.58 (CH), 65.58 (CH2); HRMS (FAB): calcd for
C20H19O7: 371.1131; found: 371.1154 [M+H+]; elemental analysis calcd
(%) for C20H18O7: C 64.86, H 4.90; found: C 64.98, H 4.78.


1,6-Anhydro-2,4-di-O-benzoyl-3-O-[(p-nitrophenyl)formyl]-b-d-manno-
pyranose (59): A mixture of compound 58 (90 mg, 0.24 mmol) and
DMAP (0.12 g, 0.97 mmol) in pyridine (0.90 mL) was stirred at room
temperature under nitrogen, p-nitrophenyl chloroformate (0.20 g,
0.97 mmol) was added to the solution, and the reaction was kept stirring
for 48 h. The solvent was coevaporated with toluene under reduced pres-
sure, the residue was partitioned between EtOAc (5 mL) and H2O
(3 mL), and the aqueous phase was extracted with EtOAc (2î5 mL).
The combined organic layers were consecutively washed by aq 2n HCl,
aq 5% K2CO3, and brine. The organic phase was dried over MgSO4, fil-
tered, and concentrated in vacuo. The residue was purified by flash
column chromatography (EtOAc/Hex 2:5) to provide 59 (117 mg, 89%)
as a syrup. 1H NMR (400 MHz, CDCl3): d=8.15 (t, J=9.2, 1.4 Hz, 2H,
Ph-H), 8.08 (dd, J=8.6, 1.2 Hz, 2H, p-NO2Ph-H), 7.64 (dd, J=7.5,
1.4 Hz, 2H, Ph-H), 7.51 (t, J=7.9 Hz, 2H, Ph-H), 7.46 (t, J=7.9 Hz, 2H,
Ph-H), 7.14 (d, J=8.6, 1.2 Hz, 2H, p-NO2Ph-H), 5.71 (d, J=1.7 Hz, 1H,
H-1), 5.51 (ddd, J=5.4, 3.3, 1.0 Hz, 1H, H-3), 5.44 (dd, J=5.4, 1.7 Hz, 1
H, H-2), 5.33 (t, J=3.3 Hz, 1H, H-4), 4.85 (d, J=5.3 Hz, 1H, H-5), 4.41
(dd, J=7.9, 1.0 Hz, 1H, H-6a), 4.01 (dd, J=7.9, 5.3 Hz, 1H, H-6b);
13C NMR (100 MHz, CDCl3): d=165.35 (C), 165.25 (C), 155.25 (C),
151.88 (C), 145.60 (C), 134.07(CH), 133.89 (CH), 130.17(CH), 129.99
(CH),129.12 (CH), 128.74 (CH), 125.34 (CH), 121.70 (CH), 99.50 (CH),
74.11(CH), 72.89 (CH), 72.05 (CH), 67.61 (CH), 65.61 (CH2); HRMS
(FAB): calcd for C27H22O11N: 536.1194; found: 536.1205 [M+H+]; ele-
mental analysis calcd (%) for C27H17O11N: C 60.56, H 4.95, N 3.62;
found: C 60.74, H 4.18, N 5.31.


6-O-Acetyl-2,4-di-O-benzoyl-3-O-[(p-nitrophenyl)fomyl]-a-d-mannopyr-
anosyl bromide (60): Cu(OTf)2 (1.1 mg, 3.0 mmol) was added to a solution
of 59 (32.6 mg, 61 mmol) in acetic anhydride (115 mL) at room tempera-
ture under argon, and the mixture was kept stirring for 24 h. The reaction
flask was immersed in an ice-bath, a 30% solution of HBr in acetic acid
(164 mL, 0.61 mmol) was added to the reaction solution, and the mixture
was gradually warmed up to room temperature and kept stirring over-
night. The whole solution was poured into ice-water (5 mL), the mixture
was extracted with EtOAc (3î10 mL), and the combined organic layers
were washed with aq sat NaHCO3 twice, then brine. The resulting organ-
ic phase was dried over MgSO4, filtered, and concentrated in vacuo. Puri-
fication of the residue via flash column chromatography (EtOAc/Hex
1:3) led to the bromide 60 (36.1 mg, 90%). 1H NMR (400 MHz, CDCl3):
d = 8.18±8.07 (m, 6H, Ar-H), 7.65 (t, J=7.4 Hz, 2H, Ar-H), 7.54±7.50
(m, 4H, Ar-H), 7.18 (d, J=9.1 Hz, 2H, Ar-H), 6.54 (d, J=1.4 Hz, 1H, H-
1), 5.99±5.89 (m, 3H, H-2, H-3, H-4), 4.49 (dt, J=7.2, 3.5 Hz, 1H, H-5),
4.40±4.32 (m, 2H, H-6a, H-6b), 2.10 (s, 3H, CH3);


13C NMR (100 MHz,
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CDCl3): d = 170.32 (C), 165.09 (C), 155.05 (C), 151.44 (C), 145.57 (C),
134.16 (CH), 134.07 (CH), 130.03 (CH), 129.99 (CH), 129.02 (CH),
128.75 (C), 125.18 (CH), 121.78 (CH), 82.67 (CH), 73.49 (CH), 72.83
(CH), 72.01 (CH), 65.99 (CH), 61.58 (CH2), 20.57 (CH3); HRMS (FAB):
calcd for C29H24BrO12NNa: 658.0560; found: 658.0563 [M+Na+].


6-O-Acetyl-2,4-di-O-benzoyl-3-O-[(p-nitrophenyl)formyl]-d-mannopyra-
nose (61): Compound 60 (20.3 mg, 30 mmol) was dissolved in 0.5% wet
acetone (0.50 mL) at room temperature. AgOTf (8.7 mg, 30 mmol) and
2,6-di-tert-butyl-4-methylpyridine (3.6 mg, 18 mmol) were consecutively
added to the solution, and the mixture was kept stirring for 1 h followed
by addition of 2,6-di-tert-butyl-4-methylpyridine (3.6 mg, 18 mmol). The
whole reaction mixture was filtered through Celite, and the filtrate was
concentrated in vacuo to give a residue, which was purified by flash
column chromatography (EtOAc/Hex 1:2) to furnish the product 61
(17.1 mg, 93%). 1H NMR (400 MHz, CDCl3): d=8.01 (d, J=9.2 Hz, 2H,
Bz-H), 7.56 (t, J=7.6 Hz, 2H, Ar-H), 7.60±7.42 (m, 4H, Ar-H), 7.05 (d,
J=9.2 Hz, 2H, Ar-H), 5.75 (t, J=10.0 Hz, 1H, H-4), 5.67 (dd, J=3.2,
1.6 Hz, 1H, H-2), 5.58 (dd, J=10.0, 3.2 Hz, 1H, H-3), 5.41 (dd, J=4.1,
1.6 Hz, 1H, H-1), 4.41 (ddd, J=10.0, 7.7, 4.2 Hz, 1H, H-5), 4.30±4.20 (m,
2H, H-6a, H-6b), 3.32 (d, J=4.1 Hz, 1H, 1-OH); 13C NMR (75 MHz,
CDCl3): d=170.84 (C), 165.61 (C), 165.30 (C), 155.16 (C), 151.50 (C),
145.43 (C), 133.83 (CH), 129.89 (CH), 128.90 (C), 128.76 (CH), 128.65
(CH), 128.59 (CH), 125.10 (CH), 121.81 (CH), 92.18 (CH), 74.33 (CH),
69.96 (CH), 68.44 (CH), 66.98 (CH), 62.68 (CH2), 20.62 (CH3); HRMS
(MALDI): calcd for C29H25NO13Na: 618.1224; found: 618.1200 [M+Na+].


6-O-Acetyl-2,4-di-O-benzoyl-3-O-[(p-nitrophenyl)formyl]-a-d-mannopyr-
anosyl trichloroacetimidate (62): Potassium carbonate (249 mg,
1.81 mmol) at room temperature under nitrogen was added to a mixture
of 61 (215 mg, 0.36 mmol) and trichloroacetonitrile (362 mL, 3.61 mmol)
in dichloromethane (2 mL). After stirring for 6 h, the reaction mixture
was filtered through Celite, and the organic layer was washed with water
(2 mL), dried over MgSO4, filtered, and concentrated in vacuo to give 62
(238 mg, 89%). [a]24


D =�82.0 (c=0.25, CHCl3);
1H NMR (400 MHz,


CDCl3): d=8.89 (s, 1H, NH), 8.17 (d, J=9.2 Hz, 2H, Bz-H), 8.15 (d, J=
9.2 Hz, 2H, Ar-H), 8.07 (d, J=7.6 Hz, 2H, Ar-H), 7.65 (dd, J=7.6,
7.2 Hz, 2H, Ar-H), 7.29 (d, J=7.2 Hz, 2H, Ar-H), 7.19 (d, J=9.2 Hz, 2
H, Ar-H), 6.54 (s, 1H, H-1), 5.96 (d, J=3.1 Hz, 1H, H-2), 5.93 (t, J=
10.1 Hz, 1H, H-4), 5.61 (dd, J=10.1, 3.1 Hz, 1H, H-3), 4.45 (ddd, J=
10.1, 6.8, 3.6 Hz, 1H, H-5), 4.33 (dd, J=12.3, 6.8 Hz, 1H, H-6a), 4.32 (dd,
J=12.3, 3.6 Hz, 1H, H-6b), 2.08 (s, 1H, CH3);


13C NMR (100 MHz,
CDCl3): d=170.37 (C), 165.28 (C), 165.12 (C), 159.70 (C), 155.12 (C),
151.56 (C), 145.62 (C), 134.05(CH), 133.95 (CH), 130.04 (CH), 130.00
(CH), 128.69 (CH), 128.59 (C), 125.18 (CH), 121.88 (CH), 94.59 (CH),
74.33 (CH), 71.25 (CH), 67.77 (CH), 66.03 (CH), 62.68 (CH2), 20.54
(CH3).


1,6-Anhydro-2-O-{6-O-acetyl-2,4-di-O-benzoyl-3-O-[(p-nitrophenyl)form-
yl]-a-d-mannopyranosyl}-3,4-di-O-benzoyl-b-l-gulopyranoside (63): A
mixture of the trichloroacetimidate 62 (26.9 mg, 36.4 mmol), compound
46 (11.2 mg, 30.2 mmol), and freshly dried 4 ä molecular sieves (150 mg)
in dichloromethane (0.5 mL) was stirred at room temperature for 30 min
under nitrogen. The mixture was cooled to �40 8C, trimethylsilyl trifluor-
omethanesulfonate (2.7 mL, 14.9 mmol) was added to the reaction mix-
ture, and the resulting solution was gradually warmed up to room tem-
perature. After stirring for 20 h, the reaction was quenched by addition
of triethylamine (6 mL), and the mixture was filtered through Celite fol-
lowed by wash with dichloromethane. The filtrate was concentrated in
vacuo, and the residue was purified by flash column chromatography
(EtOAc/Hex 2:5) to afford 46 (2.7 mg) and 63 (17.8 mg, 62%, recovery
yield: 82%). [a]24


D =�237.4 (c=0.15, CHCl3);
1H NMR (400 MHz,


CDCl3): d = 8.15 (d, J=9.2 Hz, 2H, Ar-H), 8.10±7.94 (m, 6H, Ar-H),
7.7±7.38 (m, 10H, Ar-H), 7.32 (t, J=7.4 Hz, Ar-H), 5.82±7.74 (m, 3H, H-
3, H-4, H-3’), 5.72 (dd, J=3.2, 1.8 Hz, 1H, H-2), 5.71~5.69 (m, 2H, H-1’,
H-4), 5.10 (d, J=1.8 Hz, 1H, H-1), 4.91 (dd, J=4.6, 3.4 Hz, 1H, H-5’),
4.56 (ddd, J=8.6, 5.0, 3.2 Hz, 1H, H-5), 4.34±4.31 (m, 2H, H-6a, H-2’),
4.27 (d, J=8.1 Hz, 1H, H-6a’), 4.25 (d, J=10.1, 3.2 Hz, 1H, H-6b), 3.81
(dd, J=8.1, 4.6 Hz, 1H, H-6b’); 13C NMR (125 MHz, CDCl3): d = 170.41
(C), 165.66 (C), 165.52 (C), 165.33 (C), 165.10 (C), 155.30 (C), 151.29
(C), 145.46 (C), 133.87 (CH), 133.78 (CH), 133.64 (CH), 133.46 (CH),
130.13 (CH), 129.90 (CH), 129.84 (CH), 128.88 (C), 128.68 (CH), 128.58
(CH), 128.56 (CH), 125.09 (CH), 121.90 (CH), 100.35 (CH), 99.55 (CH),
77.80 (CH), 74.48 (CH), 72.36 (CH), 70.20 (CH), 69.42 (CH), 69.04


(CH), 68.52 (CH), 66.50 (CH), 64.57 (CH2), 62.62 (CH2), 20.61 (CH3);
HRMS (MALDI): calcd for C49H41NO19Na: 970.2170; found: 970.2168
[M+Na+].


6-O-Acetyl-2-O-{6-O-acetyl-2,4-di-O-benzoyl-3-O-[(p-nitrophenyl)form-
yl]-a-d-mannopyranosyl}-3,4-di-O-benzoyl-l-gulopyranosyl acetate (64):
Cu(OTf)2 (0.9 mg, 2.5 mmol) was added to a solution of compound 63
(20.3 mg, 21.4 mmol) in acetic anhydride (203 mL) at room temperature
under argon. After stirring for 4 d, the reaction was quenched with aq sat
NaHCO3 (3 mL), and the mixture was extracted with EtOAc (3î5 mL).
The combined organic layers were washed with brine, dried over MgSO4,
filtered, and concentrated in vacuo. Purification of the residue via flash
column chromatography (EtOAc/Hex 2:5) provided 63 (3.5 mg) and 64
(13.8 mg, 61%, recovery yield=74%). [a]28


D =�59.02 (c=0.61, CHCl3);
IR (CHCl3): ñ=2919, 1728, 1247, 1087, 708 cm�1; 1H NMR (400 MHz,
CDCl3): d=8.22 (dd, J=8.5, 1.4 Hz, 0.9H, Ar-H), 8.15 (dd, J=8.5,
1.4 Hz, 2.3H, Ar-H), 8.13±8.05 (m, 10.4H, Ar-H), 7.96 (dd, J=8.0,
1.4 Hz, 2.1H, Ar-H), 7.67±7.59 (m, 6.4H, Ar-H), 7.53±7.42 (m, 13.1H,
Ar-H), 7.14±7.08 (m, 3.0H, Ar-H), 6.56 (d, J=4,0 Hz, 0.4H), 6.15 (d, J=
8.2 Hz, 1.0H), 5.94 (t, J=3.7 Hz, 1.0H), 5.82 (t, J=3.5 Hz, 0.4H), 5.76±
5.70 (m, 1.4H), 5.61 (dd, J=3.2, 1.9 Hz, 1.0H), 5.56 (dd, J=3.2, 1.9 Hz,
0.4H), 5.54 (d, J=3.5 Hz, 0.4H), 5.48 (dd, J=4,0, 1.5 Hz, 1.0H), 5.36±
5.33 (m, 2.5H), 5.20 (dd, J=10.1, 3.2 Hz, 0.4H), 4.85 (t, J=6.4 Hz, 0.4
H), 4.68 (dt, J=1.3, 6.4 Hz, 1.0H), 4.47 (t, J=3.9 Hz, 0.4H), 4.39 (m, 9.1
H), 2.23 (s, 3.0H, CH3), 2.09±2.08 (m, 6.0H, CH3), 2.05 (s, 1.5H, CH3),
2.03 (s, 3.0H, CH3);


13C NMR (100 MHz, CDCl3): d=170.44 (C), 170.39
(C), 169.60 (C), 168.71 (C), 165.15 (C), 165.10 (C), 165.04 (C), 165.00
(C), 164.87 (C), 155.25 (C), 155.17 (C), 151.16 (C), 151.10 (C), 145.40
(C), 145.36 (C), 133.97 (CH), 133.89 (CH), 133.76 (CH), 130.12 (CH),
130.02 (CH), 129.97 (CH), 129.93 (CH), 129.78 (CH), 128.84 (C), 128.70
(CH), 128.61 (CH), 128.54 (CH), 125.03 (CH), 121.82 (CH), 95.67 (CH),
95.39 (CH), 90.99 (CH), 89.54 (CH), 74.16 (CH), 71.90 (CH), 70.74
(CH), 69.61 (CH), 69.29 (CH), 68.56 (CH), 68.48 (CH), 68.34 (CH),
68.23 (CH), 67.68 (CH), 66.66 (CH), 66.37 (CH), 66.10 (CH), 64.32
(CH), 62.42 (CH2), 62.33 (CH2), 61.91 (CH2), 61.79 (CH2), 20.97 (CH3),
20.92 (CH3), 20.69 (CH3), 20.65 (CH3), 20.57 (CH3); HRMS (MALDI):
calcd for C53H47NO22Na: 1072.2487; found: 1072.2478 [M+Na+].


6-O-Acetyl-2-O-(6-O-acetyl-2,4-di-O-benzoyl-3-O-carbamoyl-a-d-manno-
pyranosyl)-3,4-di-O-benzoyl-l-gulopyranose (65): A solution of com-
pound 64 (11.2 mg, 10.7 mmol) in THF (3 mL) was saturated with ammo-
nia gas at room temperature, and the mixture was kept stirring for 5 h.
Evaporation of the mixture in vacuo furnished a residue followed by pu-
rification through flash column chromatography (EtOAc/Hex 1:1) to
yield 65 (7.3 mg, 77%). [a]28


D =�79.4 (c=0.14, CHCl3); IR (CHCl3): ñ=
3448, 2913, 1723, 1257, 1116, 709 cm�1; 1H NMR (400 MHz, CDCl3): d=
8.14±8.11 (m, 4.2H, Bz-H), 8.07 (d, J=7.2 Hz, 2.4H, Bz-H), 7.98 (dd, J=
8.4, 1.2 Hz, Bz-H), 7.66±7.58 (m, 3.7H, Bz-H), 7.56±7.52 (m, 3.2H, Bz-
H), 7.51±7.41 (m, 8.1H, Bz-H), 5.85 (t, J=3.6 Hz, 1H), 5.66 (t, J=
10.0 Hz, 0.9H), 5.49±5.43 (m, 3.2H), 5.31±5.27 (m, 2.2H), 4.62±4.58 (m, 1
H), 4.55 (t, J=6.4 Hz, 1.1H), 4.34±4.26 (m, 5.1H), 4.06 (dd, J=7.9,
3.3 Hz, 1.1H), 3.79 (d, J=5.4 Hz, 0.8H), 2.09 (s, 3.4H, CH3), 2.06 (s, 4.5
H, CH3);


13C NMR (100 MHz, CDCl3): d=170.79 (C), 170.57 (C), 165.68
(C), 164.99 (C), 164.95 (C), 164.87 (C), 155.07 (C), 133.83 (CH), 133.65
(CH), 133.46 (CH), 129.96 (CH), 129.87 (CH), 129.42 (C), 129.06 (C),
128.65 (CH), 128.47 (CH), 95.57 (CH), 93.47 (CH), 73.26 (CH), 71.17
(CH), 69.98 (CH), 69.90 (CH), 68.92 (CH), 68.68 (CH), 67.23 (CH),
66.72 (CH), 62.75 (CH2), 20.74 (CH3); HRMS (MALDI): calcd for
C45H43NO18Na: 908.2377; found: 908.2357 [M+Na+].


2-Azido-3-O-benzoyl-4,6-O-benzylidene-2-deoxy-b-d-glucopyranosyl ben-
zoate (67): A mixture of compound 66 (100 mg, 0.34 mmol) and pyridine
(0.19 mL, 2.0 mmol) in dichloromethane (2 mL) was cooled to 0 8C under
nitrogen. Benzoyl chloride (0.13 mL, 1.1 mmol) was slowly added to the
solution, the ice-bath was removed, and the mixture was kept stirring at
room temperature for 18 h. Methanol (2 mL) was added to quench the
reaction, and the resulting solution was evaporated under reduced pres-
sure. Water (2 mL) was added to the solid residue, the mixture was ex-
tracted with ethyl acetate (3î3 mL), and the combined organic layers
were sequentially washed with aq 1n HCl, aq sat NaHCO3 and brine.
The organic portion was dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo. The residue was purified by flash column chromatog-
raphy (EtOAc/Hex 1:3) to get the 1,3-dibenzoate 67 (137 mg, 80%) as a
white solid. [a]29


D =�111.0 (c=1.0, CHCl3); m.p. 129±130 8C; IR (CHCl3):
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ñ=2880, 2113, 1746, 1724, 1289 cm�1; 1H NMR (400 MHz, CDCl3): d=


8.11±8.08 (m, 4H, Bz-H), 7.64±7.56 (m, 2H, Bz-H), 7.49±7.44 (m, 4H,
Bz-H), 7.40±7.37 (m, 2H, Ph-H), 7.31±7.28 (m, 3H, Ph-H), 5.98 (d, J=
8.4 Hz, 1H, H-1), 5.58 (t, J=9.6 Hz, 1H, H-3), 5.51 (s, 1H, PhCH), 4.42
(dd, J=15.9, 10.3 Hz, 1H, H-6a), 4.40 (dd, J=9.6, 8.4 Hz, 1H, H-2), 3.88
(dt, J=9.6, 1.7 Hz, 1H, H-4), 3.80 (m, 2H, H-5, H-6b); 13C NMR
(100 MHz, CDCl3): d = 165.17 (C), 164.22 (C), 136.51 (C), 134.07 (CH),
133.44 (CH), 130.09 (CH), 129.90 (CH), 129.24 (C), 129.09 (CH), 128.64
(CH), 128.47 (CH), 128.40 (C), 128.19 (CH), 126.08 (CH), 101.62 (CH),
93.89 (CH), 78.56 (CH), 71.85 (CH), 68.27 (CH2), 67.26 (CH), 64.18
(CH); HRMS (FAB): calcd for C27H23N3O7: 502.1615; found: 502.1624
[M+H+]; elemental analysis calcd (%) for C27H23N3O7: C 64.67, H 4.62,
N 8.38; found: C 64.55, H 4.51, N 8.17.


2-Azido-3-O-benzoyl-4-O-benzyl-2-deoxy-b-d-glucopyranosyl benzoate
(68): A 1m solution of BH3/THF complex in THF (1.6 mL, 1.6 mmol)
was added at 0 8C under nitrogen to a mixture of 67 (100 mg, 0.20 mmol)
in dichloromethane (2 mL). After 10 min, TMSOTf (18 mL, 0.10 mmol)
was added to the solution, the ice-bath was removed, and the mixture
was kept stirring for 3 h. The reaction was quenched by triethylamine
(50 mL) followed by slow addition of methanol at 0 8C, till the evolution
of hydrogen gas stopped. The resulting mixture was coevaporated with
methanol, and the residue was purified through flash column chromatog-
raphy (EtOAc/Hex 1:3) to give the 6-alcohol 68 (88.4 mg, 88%) as a
white solid. [a]30


D =++46.3 (c=1.0, CHCl3); m.p. 137±138 8C; IR (CHCl3):
ñ=3372, 2950, 2097, 1720, 1646, 1538, 1259, 1082 cm�1; 1H NMR
(400 MHz, CDCl3): d=8.09±8.04 (m, 4H, Bz-H), 7.62±7.58 (m, 2H, Bz-
H), 7.48±7.44 (m, 4H, Bz-H), 7.17±7.12 (m, 5H, Ar-H), 5.87 (d, J=
8.4 Hz, 1H, H-1), 5.49 (dd, J=10.2, 9.2 Hz, 1H, H-3), 4.59 (s, 2H,
CH2Ph), 3.95±3.91 (m, 2H, H-4, H-6a), 3.85 (dd, J=9.2, 8.4 Hz, 1H, H-
2), 3.70 (m, 1H, H-5), 3.65 (d, J=8.1 Hz, 1H, H-6b), 1.77 (s, 1H, 6-OH);
13C NMR (100 MHz, CDCl3): d= 137.01 (C), 133.99 (CH), 133.51 (CH),
130.09 (CH), 129.87 (CH),129.11 (C), 128.63 (CH), 128.56 (CH), 128.41
(CH), 128.21 (CH), 128.05 (CH), 93.61 (CH), 76.25 (CH), 74.80 (CH2),
74.70 (CH), 63.39 (CH), 61.01 (CH2).


2-Azido-4-O-benzyl-2-deoxy-3,6-di-O-benzoyl-d-glucopyranose (69):
Benzoyl chloride (54 mL, 0.44 mmol) was slowly added to a solution of 68
(147 mg, 0.29 mmol) in pyridine (1.5 mL) at 0 8C under nitrogen. The ice-
bath was removed, and the mixture was kept stirring at room tempera-
ture for 1.5 h. Methanol (5 mL) was added to quench the reaction, and
the resulting solution was evaporated under reduced pressure. Water
(2 mL) was added to the solid residue, and the mixture was extracted
with ethyl acetate (3î3 mL). The combined organic layers were sequen-
tially washed with aq 1n HCl, aq sat NaHCO3, and finally with brine.
The organic portion was dried over anhydrous MgSO4, filtered, and con-
centrated in vacuo, and the resulting residue was purified by flash
column chromatography (EtOAc/Hex 1:6) to provide the 1,3,6-triben-
zoate (158 mg, 89%). [a]30


D =�26.1 (c=1.0, CHCl3); IR (CHCl3): ñ=


2921, 2106, 1725, 1597, 1494, 1259, 1062 cm�1; 1H NMR (400 MHz,
CDCl3): d=8.07±8.02 (m, 6H, Bz-H), 7.67±7.54 (m, 3H, Bz-H), 7.44±7.38
(m, 6H, Bz-H), 7.06±7.05 (m, 5H, Ar-H), 5.92 (d, J=8.4 Hz, 1H, H-1),
5.55 (dd, J=10.1, 8.8 Hz, 1H, H-3), 4.63±4.57 (m, 2H, H-6a, H-6b), 4.57
(d, J=10.8, 1H, CH2Ph), 4.52 (d, J=10.8, 1H, CH2Ph), 4.02±3.90 (m, 3
H, H-2, H-4, H-5); 13C NMR (100 MHz, CDCl3): d = 66.03 (C), 165.25
(C), 164.25 (C), 136.51 (C), 133.90 (CH), 133.61 (CH), 133.17 (CH),
130.12 (CH), 129.90 (CH), 129.77 (CH), 129.53 (CH), 129.22 (C), 128.61
(CH), 128.56 (CH), 128.41 (CH), 128.26 (CH), 128.14 (CH), 93.56 (CH),
75.39 (CH), 74.86 (CH2), 74.16 (CH), 63.73 (CH), 62.76 (CH2); HRMS
(FAB): calcd for C36H29N3O8: 608.2034; found: 608.2053 [M+H+].


Ammonia gas was passed through a solution of the 1,3,6-tribenzoate
(27 mg, 44 mmol) in a mixed solvent (THF/MeOH 7:3, 1.4 mL) at 0 8C for
20 min. The reaction was monitored by TLC till the consumption of start-
ing material (ca. 1.5 h). The solvent was concentrated under reduced
pressure, and the residue was purified by flash column chromatography
(EtOAc/Hex 1:3) to afford 69 (19.5 mg, 87%, a/b 3:1). Recrystallization
of the white solid via vapor diffusion method produced 69b as colorless
crystals. [a]29


D =++46.9 (c=1.0, CHCl3); IR (CHCl3): ñ=3435, 2901, 2106,
1720, 1601, 1582, 1263, 1091 cm�1; 1H NMR (400 MHz,CDCl3): d=8.10±
8.01 (m, 4H, Bz-H), 7.60±7.56 (m, 2H, Bz-H), 7.49±7.43 (m, 4H, Bz-H),
7.15±7.07 (m, 5H, Ph-H), 5.92 (dd, J=10.3, 9.0 Hz, 1H, H-3), 5.42 (dd,
J=8.0, 5.0 Hz, 1H, H-1), 4.85±4.36 (m, 4H, 2îCH2Ph, H-6a, H-6b),
3.85±3.79 (m, 2H, H-4, H-5), 3.55 (dd, J=10.3, 8.0 Hz, 1H, H-2), 3.41 (d,


J=5.0, 1H, 1-OH); 13C NMR (100 MHz, CDCl3): d = 166.22 (C), 165.41
(C), 136.61 (C), 133.54 (CH), 133.28 (CH), 129.89 (C), 129.76 (CH),
129.33 (C), 128.58 (CH), 128.45 (CH), 128.24 (CH), 128.12 (CH), 96.35
(CH), 75.72 (CH), 74.88 (CH2), 74.73 (CH), 73.49 (CH), 65.56 (CH),
62.97 (CH2); HRMS (FAB): calcd for C27H25N3O7Na: 526.1593; found:
526.1570 [M+Na+]; elemental analysis calcd (%) for C27H25N3O7: C
64.41, H 5.00, N 8.35; found: C 64.24, H 4.91, N 8.00.


1,6-Anhydro-4-O-(2-azido-4-O-benzyl-2-deoxy-3,6-di-O-benzoyl-a-d-glu-
copyranosyl)-2-O-benzoyl-3-O-benzyl-b-l-idopyranoside (70): A mixture
of 69 (0.47 g, 0.93 mmol) and freshly dried 4 ä molecular sieves (3 g) in
dichloromethane (4.7 mL) was stirred at room temperature for 30 min
under nitrogen. Anhydrous potassium carbonate (0.20 g, 1.4 mmol) and
trichloroacetonitrile (0.93 mL, 9.27 mmol) were sequentially added to the
mixture at �78 8C, and the reaction was gradually warmed up to room
temperature. After stirring for 2 h, the resulting mixture was filtered
through Celite, and the filtrate was washed with water, dried over
MgSO4, filtered, and concentrated in vacuo to give the crude trichloroa-
cetimidate derivative (0.51 g, 84%, a/b 1:4 determined by the 1H NMR
spectrum), which was directly used for subsequent reaction without fur-
ther purification.


A mixture of this crude trichloroacetimidate (374 mg, 0.58 mmol), com-
pound 53 (138 mg, 0.39 mmol), and freshly dried 4 ä molecular sieves
(1.5 g) in dichloromethane (5 mL) was stirred at room temperature for
30 min under nitrogen. The reaction flask was cooled to �78 8C, trime-
thylsilyl trifluoromethanesulfonate (50 mL, 0.30 mmol) was added to the
mixture, and the resulting solution was gradually warmed up to room
temperature and kept stirring overnight. The reaction was quenched with
triethylamine (100 mL), the mixture was filtered through Celite, the fil-
trate was concentrated in vacuo, and the residue was purified by flash
column chromatography (EtOAc/Hex 1:5) to afford 70 (189 mg, 58%)
and its corresponding b-isomer (52 mg, 16%). [a]30


D =++74.4 (c=0.5,
CHCl3); m.p. 185±186 8C; IR (CHCl3): ñ=3245, 2097, 1690, 1612, 1504,
1268, 1106 cm�1; 1H NMR (500 MHz, CDCl3): d=8.10 (dd, J=8.5,
1.4 Hz, 2H, Bz-H), 8.05 (dd, J=8.5, 1.4 Hz, 2H, Bz-H), 8.02 (dd, J=8.5,
1.3 Hz, 2H, Bz-H), 7.62±7.55 (m, 3H, Ar-H), 7.49±7.42 (m, 6H, Ar-H),
7.22±7.10 (m, 10H, Ar-H), 5.85 (dd, J=10.8, 9.2 Hz, 1H, H-3’), 5.53 (d,
J=1.7 Hz, 1H, H-1), 5.45 (d, J=3.8 Hz, 1H, H-1’), 5.06 (dd, J=8.0,
1.7 Hz, 1H, H-2), 4.79 (d, J=10.8 Hz, 1H, CH2Ph), 4.74 (d, J=10.8 Hz, 1
H, CH2Ph), 4.64±4.50 (m, 5H, 2îCH2Ph, H-6a, H-6a’, H-6b’), 4.24 (d,
J=7.9 Hz, 1H, H-6b), 4.17 (t, J=8.0 Hz, 1H, H-3), 4.12±4.09 (m, 2H, H-
4, H-5’), 3.81 (dd, J=7.9, 5.0 Hz, 1H, H-5), 3.76 (t, J=9.2, 1H, H-4’),
3.37 (dd, J=10.8, 3.8 Hz, 1H, H-2’); 13C NMR (125 MHz, CDCl3): d =


166.14 (C), 165.71 (C), 165.46 (C), 137.70 (C), 136.47 (C), 133.61 (CH),
133.45 (CH), 133.38 (CH), 129.88 (CH), 129.62 (CH), 129.54 (C), 129.31
(C), 129.25 (C), 128.60 (CH), 128.52 (CH), 128.50 (CH), 128.31 (CH),
127.81 (CH), 127.70 (CH), 99.43 (CH), 99.34 (CH), 79.80 (CH), 77.54
(CH), 77.24 (CH), 76.40 (CH), 75.31 (CH2), 74.90 (CH2), 74.28 (CH),
72.53 (CH), 69.75 (CH), 65.84 (CH2), 63.18 (CH2), 61.42 (CH).


6-O-Acetyl-4-O-(2-azido-4-O-benzyl-2-deoxy-3,6-di-O-benzoyl-a-d-glu-
copyranosyl)-2-O-benzoyl-3-O-benzyl-l-idopyranosyl acetate (71): Tri-
fluoroacetic acid (0.64 mL) at room temperature under nitrogen was
added to a solution of 70 (159 mg, 0.19 mmol) in acetic anhydride
(3.2 mL). After stirring for 24 h, the reaction was quenched by aq sat
NaHCO3 (10 mL), and the mixture was extracted with EtOAc (3î
10 mL). The combined organic layers were washed with brine, dried over
MgSO4, filtered, and concentrated in vacuo. Purification of the residue
via flash column chromatography (EtOAc/Hex 1:3) yielded the diacetate
71 (160 mg, 89%). [a]30


D =++75.1 (c=1.0, CHCl3);
1H NMR (400 MHz,


CDCl3): d=8.11±8.03 (m, 13H, Bz-H), 7.62±7.58 (m, 5H, Bz-H), 7.54±
7.41 (m, 16H, Bz-H), 7.32±7.24 (m, 3H, Ar-H), 7.17±7.12 (m, 10H, Ar-
H), 6.36 (d, J=3.3 Hz, 1H, H-1b), 6.23 (d, J=2.8 Hz, 1H, H-1a), 5.80
(dd, J=10.6 Hz, 9.0 Hz, 1H, H-3’b), 5.75 (dd, J=10.6, 9.1 Hz, 1H, H-
3’a), 5.31 (d, J=3.7 Hz, 1H, H-1’b), 5.27 (dd, J=11.1, 3.3 Hz, 1H, H-2b),
5.24 (t, J=3.5 Hz, 1H, H-2a), 5.01 (d, J=3.7 Hz, 1H, H-1’a), 4.87±4.83
(m, 3H), 4.63±4.50 (m, 13H), 4.40±4.33 (m, 2H), 4.26(ddd, J=5.8, 3.6,
2.1 Hz, 1H, H-6’b), 4.21 (ddd, J=6.4, 4.2, 2.2 Hz, 1H, H-6’a), 4.16 (t, J=
3.9 Hz, 1H, H-3), 3.98 (t, J=3.1 Hz, 1H, H-4), 3.94(s, 2H), 3.45 (dd, J=
10.7, 3.7 Hz, 1H, H-2’a), 3.38 (dd, J=10.1, 3.7 Hz, 1H, H-2’b), 2.15 (s, 3
H), 2.15 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H); 13C NMR (100 MHz, CDCl3):
d = 170.76 (C), 169.04 (C), 168.95 (C), 166.12 (C), 165.66 (C), 165.23
(C), 137.22 (C), 136.64 (C), 133.52 (CH), 133.42 (CH), 133.33 (CH),
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137.22 (CH), 136.64 (CH), 133.52 (CH), 133.42 (CH), 133.33 (CH),
133.25 (CH), 129.85 (CH), 129.73 (CH), 129.66 (CH),129.28 (C), 129.14
(C), 128.56 (CH), 128.51 (CH), 128.41 (CH), 128.31 (CH), 128.25 (CH),
128.13 (CH), 127.90 (CH), 98.55 (CH), 97.43 (CH), 91.48 (CH), 90.16
(CH), 77.35 (CH), 76.13 (CH), 75.00 (CH2), 74.93 (CH2), 74.77 (CH),
73.72 (CH), 73.33 (CH), 73.06 (CH), 72.99 (CH), 72.70 (CH), 70.89
(CH), 70.09 (CH), 68.07 (CH), 63.80 (CH2), 63.04 (CH2), 62.92 (CH2),
61.68 (CH), 61.48 (CH), 21.09 (CH3), 20.95 (CH3), 20.79 (CH3); HRMS
(FAB): calcd for C51H49N3O15: 943.3164; found: 943.3149 [M +].


6-O-Acetyl-4-O-(2-azido-4-O-benzyl-2-deoxy-3,6-di-O-benzoyl-a-d-glu-
copyranosyl)-2-O-benzoyl-3-O-benzyl-l-idopyranose (72): Compound 71
(0.41 g, 0.43 mmol) was dissolved in dichloromethane (8.2 mL) at room
temperature under nitrogen, acetic anhydride (83 mL, 0.88 mmol) was
added to the mixture, and the reaction flask was immersed in an ice-
bath. A 30% solution of HBr in acetic acid (0.47 mL) was added to the
mixture, the ice-bath was removed, and the reaction was kept stirring at
room temperature for 0.5 h. The resulting solution was poured into ice-
water (8 mL), and the aqueous phase was extracted with dichlorome-
thane (3î10 mL). The combined organic layers were consecutively
washed by aq sat NaHCO3 (3î15 mL), and finally with brine. The organ-
ic portion was dried over MgSO4, filtered, and concentrated in vacuo,
and the residue was purified by flash column chromatography (EtOAc/
Hex 1:2) to provide 72 (0.32 g, 82%) as a colorless oil. 1H NMR
(400 MHz, CDCl3): d=8.08±7.98 (m, 10H, Bz-H), 7.59±7.52 (m, 4H, Bz-
H), 7.45±7.33 (m, 16H, Bz-H), 7.27±7.26 (m, 8H, Ar-H), 7.13±7.07 (m, 10
H, Ar-H), 5.68 (dd, J=19.5, 9.9 Hz, 2H, H-3’a, H-3’b), 5.31 (dd, J=8.1,
2.4 Hz, 1H), 5.24 (dd, J=8.4, 3.0 Hz, 1H), 5.08 (t, J=4.0 Hz, 1H), 5.06
(t, J=2.5 Hz, 1H, H-1a), 4.98 (d, J=3.6 Hz, 1H, H-1b), 4.94 (d, J=
3.7 Hz), 4.85±4.70 (m, 4H), 4.62 (dd, J=10.4, 5.4 Hz, 2H), 4.31±4.25 (m,
2H), 4.18±4.14 (m, 3H), 3.92±3.89 (m, 1H), 3.86 (t, J=4.8 Hz, 1H), 3.71
(dt, J=13.0, 3.8 Hz, 2H), 3.65 (s, 1H), 3.40 (t, J=3.4 Hz, 1H), 3.38 (t,
J=3.5 Hz, 1H), 2.09 (s, 1H); 13C NMR (100 MHz, CDCl3): d = 171.08
(C), 170.63 (C), 166.28 (C), 166.03 (C), 164.98 (C), 137.24 (C), 136.61
(C), 133.42 (CH), 133.24 (CH), 133.18 (CH), 132.88 (CH), 129.77 (CH),
129.65 (CH), 129.25 (C), 128.47 (CH), 128.37 (CH), 128.29 (CH), 128.26
(CH), 128.19 (CH), 128.09 (CH), 128.00 (CH), 97.64 (CH), 92.78 (CH),
91.93 (CH), 77.22 (CH), 76.03 (CH), 74.90 (CH2), 73.81 (CH2), 73.49
(CH), 73.33 (CH), 73.02 (CH), 72.84 (CH), 71.09 (CH), 70.42 (CH),
70.17 (CH), 66.61 (CH), 64.12 (CH2), 62.89 (CH2), 62.60 (CH2), 61.62
(CH), 20.92 (CH2), 20.87 (C); HRMS (FAB): calcd for C49H47N3O14:
901.3058; found: 901.3044 [M+H+].


Methyl 6-O-acetyl-4-O-(2-azido-4-O-benzyl-2-deoxy-3,6-di-O-benzoyl-a-
d-glucopyranosyl)-2-O-benzoyl-3-O-benzyl-b-l-idopyranoside (73): A
mixture of 72 (70 mg, 78 mmol) and freshly dried 4 ä molecular sieves
(0.14 g) in dichloromethane (0.7 mL) was stirred at room temperature for
30 min under nitrogen. The reaction flask was cooled to �78 8C, anhy-
drous potassium carbonate (23 mg, 0.17 mmol) and trichloroacetonitrile
(83 mL, 0.83 mmol) were sequentially added to the solution, and the
whole mixture was gradually warmed up to room temperature. After 8 h,
the mixture was filtered through Celite followed by wash with dichloro-
methane. The filtrate was concentrated in vacuo to afford the crude tri-
chloroacetimidate derivative (65 mg, 80%), which was directly used for
the ensuing reaction without further purification.


A mixture of the crude trichloroacetimidate (100 mg, 0.10 mmol), metha-
nol (80 mL, 1.98 mmol), and freshly dried 4 ä molecular sieves (200 mg)
in dichloromethane (1 mL) was stirred at room temperature for 30 min
under nitrogen. Trimethylsilyl trifluoromethanesulfonate (3.6 mL,
0.02 mmol) was added to the reaction solution at �78 8C, the reaction
flask was gradually warmed up to room temperature, and the mixture
was kept stirring overnight. Triethylamine (8 mL) was added to quench
the reaction, the whole mixture was filtered through Celite, the filtrate
was concentrated in vacuo, and the residue was purified by flash column
chromatography (EtOAc/Hex 1:5) to give 73 (51 mg, 58%) and its corre-
sponding b-isomer (15 mg, 17%). [a]32


D =++47.8 (c=1.0, CHCl3); m.p.
117±118 8C; IR (CHCl3): ñ=3029, 2918, 2108, 1724, 1452, 1268, 1094,
1069 cm�1; 1H NMR (400 MHz, CDCl3): d=8.05 (d, J=7.6 Hz, 2H, Bz-
H), 8.00 (d, J=7.6 Hz, 4H, Bz-H), 7.59±7.54 (m, 2H, Ar-H), 7.44±7.33
(m, 8H, Ar-H), 7.29±7.19 (m, 5H, A-H), 7.11±7.09 (m, 4H, Ar-H), 5.71
(t, J=8.3 Hz, 1H, H-3’), 5.14 (t, J=2.8 Hz, 1H, H-2), 4.89 (d, J=3.7 Hz,
1H, H-1’), 4.84 (d, J=2.8 Hz, 1H, H-1), 4.80 (d, J=11.6 Hz, 1H,
CH2Ph), 4.67 (d, J=11.6 Hz, 1H, CH2Ph), 4.58±4.47 (m, 5H, 2îCH2Ph,


H-6a, H-6b, H-6a’), 4.41±4.37 (m, 1H, H-5), 4.32 (dd, J=11.4, 4.4 Hz, 1
H, H-6b’), 4.17±4.15 (m, 1H, H-5’), 4.00 (dd, J=4.2, 2.8 Hz, 1H, H-3),
3.89 (t, J=4.2 Hz, 1H, H-4), 3.71 (t, J=8.3 Hz, 1H, H-4’), 3.42 (s, 3H,
CH3), 3.35 (dd, J=8.3, 3.7 Hz, 1H, H-2’), 2.06 (s, 3H, CH3);


13C NMR
(100 MHz, CDCl3): d = 170.51 (C), 166.05 (C), 165.79 (C), 165.04 (C),
137.37 (C), 136.62 (C), 133.40 (CH), 133.21 (CH), 133.05 (CH), 129.78
(CH), 129.66 (CH), 129.44 (C), 129.31 (C), 129.16 (CH), 128.48 (CH),
128.37 (CH), 128.34 (CH), 128.28 (CH), 128.29 (CH), 127.85 (CH),
126.31 (CH), 99.32 (CH), 97.43 (CH), 76.09 (CH), 74.88 (CH2), 73.74
(CH), 73.38 (CH), 73.02 (CH), 72.90 (CH2), 70.21 (CH), 70.04 (CH),
66.58 (CH), 62.99 (CH2), 62.71 (CH2), 61.65 (CH), 55.70 (CH3), 20.80
(CH3); HRMS (FAB): calcd for C50H50N3O14: 916.3294; found: 916.3311
[M+H+].


Methyl 4-O-(2-azido-4-O-benzyl-2-deoxy-3,6-di-O-benzoyl-a-d-glucopyr-
anosyl)-2-O-benzoyl-3-O-benzyl-b-l-idopyranoside (74): Compound 73
(171 mg, 0.19 mmol) was dissolved in a 0.5% solution of HCl in metha-
nol (3.5 mL) at room temperature under nitrogen. After stirring for 5 h,
the reaction was neutralized by silver carbonate, and the mixture was fil-
tered through Celite. The filtrate was concentrated in vacuo, and the resi-
due was recrystallized in ethanol to provide 74 (139 mg, 85%) as a white
solid. [a]32


D =++51.4 (c=1.0, CHCl3); m.p. 113±114 8C; IR (CHCl3): ñ=


3400, 3019, 2921, 2108, 1722, 1601, 1316 cm�1; 1H NMR (400 MHz,
CDCl3): d = 8.06 (dd, J=8.3, 1.7 Hz, 2H, Bz-H), 8.02±7.99 (m, 4H, Bz-
H), 7.59±7.54 (m, 2H, Ar-H), 7.46±7.41 (m, 5H, Ar-H), 7.39±7.32 (m, 3
H, Ar-H), 7.30±7.19 (m, 4H, Ar-H), 7.13±7.07 (m, 5H, Ar-H), 5.71 (dd,
J=10.6, 9.4 Hz, 1H, H-3’), 5.15 (dd, J=3.5, 2.4 Hz, 1H, H-2), 4.88 (d,
J=2.4 Hz, 1H, H-1), 4.85 (d, J=3.8 Hz, 1H, H-1’), 4.80 (d, J=11.6 Hz, 1
H, CH2Ph), 4.67 (d, J=11.6 Hz, 1H, CH2Ph), 4.58±4.46 (m, 4H, 2î
CH2Ph, 2îH-6’), 4.30±4.26 (m, 1H, H-4), 4.16 (ddd, J=9.4, 4.8, 2.4 Hz, 1
H, H-5’), 4.06±4.00 (m, 2H, H-3, H-6a), 3.89 (t, J=3.7 Hz, 1H, H-6b),
3.87±3.82 (m, 1H, H-5), 3.68 (t, J=9.4 Hz, 1H, H-4’), 3.43 (s, 3H, CH3),
3.36 (dd, J=10.6, 3.8 Hz, 1H, H-2’), 1.99 (dd, J=7.8, 4.3 Hz, 1H, 6-OH);
13C NMR (100 MHz, CDCl3): d = 166.14 (C), 165.87 (C), 165.10 (C),
137.47 (C), 136.60 (C), 133.43 (CH), 133.25 (CH), 133.15 (CH), 133.02
(CH), 129.78 (CH), 129.64 (CH), 129.50 (C), 129.30 (C), 128.49 (CH),
128.40 (CH), 128.32 (CH), 128.10 (CH), 127.87 (CH), 127.81 (CH), 99.58
(CH), 97.00 (CH), 76.23 (CH), 74.88 (CH2), 73.45 (CH), 73.07 (CH),
72.85 (CH), 72.62 (CH2), 70.25 (CH), 69.96 (CH), 68.32 (CH), 63.17
(CH2), 61.93 (CH2), 61.69 (CH), 55.66 (CH3).


Methyl 4-O-(2-azido-4-O-benzyl-2-deoxy-a-d-glucopyranosyl)-3-O-
benzyl-b-l-idopyranosiduronic acid (75): Jones reagent was slowly added
to a mixture of 74 (361 mg, 0.41 mmol) and Celite (110 mg) in acetone
(4 mL) at 0 8C. When the solution turned orange color, the reaction was
re-titrated by isopropanol. The whole mixture was filtered through
Celite, and the filtrate evaporated under reduced pressure. Water (8 mL)
was added to the syrup, the mixture was extracted with dichloromethane
(3î8 mL), and the combined organic layers were dried over MgSO4, fil-
tered, and concentrated in vacuo. The residue was purified by flash
column chromatography (MeOH/CHCl3 1:10) to afford the correspond-
ing carboxylic acid (315 mg). [a]31


D =++35.2 (c=1.0, DMSO); IR (CHCl3):
ñ=3400, 2931, 2104, 1720, 1623, 1268 cm�1; 13C NMR (100 MHz, CDCl3):
d=166.07 (C), 165.51 (C), 138.64 (C), 137.71 (C), 134.22 (CH), 133.88
(CH), 133.72 (CH), 131.68 (CH), 131.04 (CH), 129.89 (CH), 129.82 (CH),
129.49 (CH), 129.31 (CH), 129.05 (CH), 128.56 (CH), 128.48 (CH),
128.33 (CH), 128.18 (CH), 127.76 (CH), 98.91 (CH), 97.99 (CH), 76.20
(CH), 74.18 (CH2), 73.77 (CH), 73.20 (CH2), 68.98 (CH), 63.60 (CH2),
61.75 (CH), 55.68 (CH3).


The above carboxylic acid (315 mg, 0.35 mmol) was dissolved in metha-
nol (3.4 mL) at room temperature under nitrogen, sodium methoxide
(41 mg, 0.93 mmol) was added to the reaction solution, and the mixture
was kept stirring overnight. The reaction was acidified by Amberlite IR-
120 acidic resin to pH 2, then the whole mixture was filtered through
paper. The filtrate was concentrated in vacuo, and the residue was puri-
fied by flash column chromatography (MeOH/CHCl3 1:10) to yield 75
(133 mg, 56% in two steps) as a colorless oil. [a]31


D =++6.8 (c=1.0,
MeOH); 1H NMR (400 MHz, CD3OD): d = 7.40±7.26 (m, 10H, Ar-H),
5.13 (s, 1H, H-1), 4.99 (d, J=3.8 Hz, 1H, H-1’), 4.93 (d, J=10.9 Hz, 1H,
CH2Ph), 4.72±4.58 (m, 4H, 3îCH2Ph, H-5), 4.24 (s, 1H, H-4), 4.00 (t,
J=9.8 Hz, 1H, H-3’), 3.89±3.86 (m, 2H, H-5’, H-6a’), 3.81 (s, 1H, H-3),
3.73±3.69 (m, 2H, H-2, H-6b’), 3.52 (dd, J=9.8, 3.8 Hz, 1H, H-2’), 3.40 (s,
3H, CH3), 3.40±3.32 (m, 1H, H-4’); 13C NMR (100 MHz, MeOH): d=
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176.64 (C), 139.99 (C), 139.55 (C), 129.69 (CH), 129.53 (CH), 129.41
(CH), 129.34 (CH), 129.15 (CH), 128.95 (CH), 128.86 (CH), 103.64 (CH),
97.03 (CH), 80.10 (CH), 76.19 (CH2), 74.68 (CH), 74.57 (CH), 74.35
(CH), 73.13 (CH), 72.79 (CH2), 69.84 (CH), 67.90 (CH), 66.31 (CH),
62.83 (CH2), 56.31 (CH3); HRMS (MALDI): calcd for C27H33N3O11Na:
598.2013; found: 598.2015 [M+Na+].


Methyl 4-O-(2-azido-4-O-benzyl-2-deoxy-3,6-di-O-sulfonato-a-d-gluco-
pyranosyl)-3-O-benzyl-2-O-sulfonato-b-l-idopyranosiduronic acid (76):
Sulfur trioxide-triethylamine complex (470 mg, 2.60 mmol) was added at
room temperature under nitrogen to a solution of 75 (33.2 mg,
56.3 mmol) in DMF (0.66 mL). The mixture was gradually warmed up to
50 8C, then kept stirring overnight. After cooling to room temperature, a
solution of sodium bicarbonate (874 mg) in water (10.4 mL) was added
to the reaction solution, and the mixture was stirred for another 16 h.
The solvent was removed in vacuo, and the residue was dissolved in a
mixed solvent (CH2Cl2/MeOH 1:1, 2 mL). The mixture was filtered
through paper, and the filtrate was concentrated in vacuo. The residue
was again dissolved in a mixed solvent (CH2Cl2/MeOH 4:1, 1 mL), the
mixture was filtered, and the filtrate was concentrated in vacuo to furnish
the crude 76 (46.8 mg) as a white powder. MS-ESI (negative mode):
calcd for C27H32N3O20S3: 814.07, found 813.94 [M�H]�1.


Methyl 4-O-(2-deoxy-3,6-di-O-sulfonato-2-N-sulfonato-a-d-glucopyrano-
syl)-2-O-sulfonato-b-l-idopyranosiduronate, pentasodium salt (77): Am-
monia gas was condensed in a reaction flask containing a mixture of
sodium (60.0 mg, 2.61 mmol) in tetrahydrofuran (3 mL), and a solution of
the crude 76 (46.8 mg, 57.7 mmol) in a mixed solvent (EtOH/THF 1:1,
3 mL) was added. When the deep blue color was disappeared, the mix-
ture was gradually warmed up to room temperature followed by concen-
tration in vacuo.


The above residue was dissolved in water (5 mL) at room temperature,
and aq 2n NaOH was slowly added to the solution till pH 9.5. Sulfur tri-
oxide/pyridine complex (29.3 mg, 18.4 mmol) was added to the mixture,
and the pH value was maintained at 9.5 by addition of aq 2n NaOH.
After 1 h, the same amount of sulfur trioxide/pyridine complex (29.3 mg,
18.4 mmol) was added to the reaction solution, and the mixture was kept
stirring for another 5 h. The mixture was concentrated in vacuo, and the
residue was purified by column chromatography on Sephadex G-25 (0.2n
aq NaCl). Desalting through a Sephadex G-25 column eluted with water
gave compound 77 (14.6 mg, 37% in three steps). MS-ESI (negative
mode): calcd for C13H23NO23S4: 686.93; found: 686.76 [M�2H]2�.
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Insertion of Alkynes into the Pt�Si Bond of Silylplatinum Complexes
Leading to the Formation of 4-Sila-3-platinacyclobutenes and
5-Sila-2-platina-1,4-cyclohexadienes


Makoto Tanabe and Kohtaro Osakada*[a]


Introduction


Pt and Pd complexes containing organosilyl ligands have at-
tracted current attention with regard to the synthetic organic
reactions of organosilanes catalyzed by complexes of these
metals.[1] Several research groups have investigated the reac-
tions of alkynes and alkenes with organosilanes catalyzed by
Group 10 metal complexes as described below. Early studies
by Kumada and Yamamoto revealed that Pt and Ni com-
plexes catalyzed the addition of 1,1,2,2-tetramethyldisilane
to diphenyl acetylene to afford 2,5-disila-1,4-cyclohexa-
dienes and siloles, respectively.[2] They proposed a reaction
mechanism which involves the intermediate platinum silyl-
ene complexes and 4-sila-3-platinacyclobutenes, based on
the results of thermal conversion of the disilane to the oligo-
silane, (SiMe2)n, catalyzed by Pt complexes.


[3] The silylene


complexes of Pt0 and PtII were isolated recently by Tilley
et al.[4] The reaction of phenyl acetylene with [Pt(SiHMe2)2-
(PEt3)2] was reported to produce 5-sila-2-platina-1,4-cyclo-
hexadiene which liberated the silole upon heating.[5] The re-
sults suggest that the silole formation takes place via cyclo-
addition of HSiMe2SiMe2H to alkynes to give the six-mem-
bered cyclic intermediate followed by expulsion of the Pt
from the complex. Both Kumada and Tanaka proposed 4-
sila-3-platinacyclobutene as the intermediate in the reac-
tions. Addition of silacyclopropanes and silacyclopropenes
to alkynes, catalyzed by Ni and Pd complexes, affords the
four-, five-, and six-membered cyclic compounds containing
Si.[6±9] Insertion of the metal center into a C�Si bond of the
three-membered ring of the substrate, to give the 4-sila-3-
metallacyclobutene intermediate, accounts for the formation
of the products.
There have been only a limited number of the reports of


such four-membered metallacycles that have been prepared
and characterized in situ, although many reports of the
above reactions proposed the 4-sila-3-metallacyclobutenes
in the reaction mechanism. Fink reported the preparation of
a silaplatinabenzocyclobutane that has a tendency to be hy-


[a] Dr. M. Tanabe, Prof. Dr. K. Osakada
Chemical Research Laboratory, Tokyo Institute of Technology
4259 Nagatsuta, Midori-ku, Yokohama 226-8503 (Japan)
Fax: (+81)45-924-5224
E-mail : kosakada@res.titech.ac.jp


Abstract: The reaction of dimethyl ace-
tylenedicarboxylate (DMAD) with
[Pt(SiHPh2)2(PMe3)2] produces cis-
[Pt(CZ=CZ�SiHPh2)(SiHPh2)(PMe3)2]
(cis-1, Z = COOMe) and [PtK (CZ=
CZ�SiLPh2)(PMe3)2] (2) depending on
the reaction conditions. cis-1 and 2 are
equilibrated in solution at room tem-
perature, and they are isolated by re-
crystallization of the mixtures. cis-1 is
converted slowly in solution into trans-
[Pt(CZ=CZ�SiHPh2)(SiHPh2)(PMe3)2]
(trans-1) via intermediate 2 followed
by reaction with H2SiPh2. DMAD also
reacts with [Pt(SiHPh2)2(dmpe)] (dmpe
= 1,2-bis(dimethylphosphino)ethane)
to afford [Pt(CZ=CZ�SiHPh2)-
(SiHPh2)(dmpe)] (3). Conversion of 3


into 4-sila-3-platinacyclobutene
[PtK (CZ=CZ�SiLPh2)(dmpe)] (4) takes
place, accompanied by formation of
H2SiPh2, to give an equilibrated mix-
ture of the two complexes. Crystallo-
graphic and spectroscopic data of cis-1,
trans-1, and 3 suggest the presence of
an intramolecular interaction between
the Si�H group of the 3-sila-1-propenyl
ligand and Pt via an Si�H�Pt three-
center-four-electron bond in the solid
state and in solution. DMAD reacts
with 2 to give 5-sila-2-platina-1,4-cyclo-
hexadiene with p-coordinated DMAD,


[PtK (CZ=CZ�SiPh2�CZ=CL Z)(DMAD)-
(PMe3)2] (5), which is also obtained
from the reaction of excess DMAD
with [Pt(SiHPh2)2(PMe3)2]. Unsymmet-
rical six-membered silaplatinacycles
without p-coordinated alkyne, [PtK (CZ=
CZ�SiPh2�CH=CL X)(PMe3)2] (6 : X =


COOMe; 7: X = Ph), are prepared
analogously from the respective reac-
tions of phenyl acetylene and of methyl
acetylene carboxylate with 2. Methyl 2-
butynolate reacts with 2 at 50 8C to
form a mixture of the regioisomers
[PtK (CZ=CZ�SiPh2�CMe=CL Z)(PMe3)2]
(8) and [PtK (CZ=CZ�SiPh2�CZ=CL Me)-
(PMe3)2] (9).Keywords: alkynes ¥ metallacycles ¥


platinum ¥ Si ligands


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305344 Chem. Eur. J. 2004, 10, 416 ± 424416


FULL PAPER







drolyzed during purification by column chromatography
(Scheme 1i).[10] Ishikawa and Ohshita prepared the 4-sila-3-
nickellacyclobutene via the reaction of a silacyclopropene
with [Ni(PEt3)4] and characterized it based on the NMR
spectroscopy and its chemical properties (Scheme 1ii). The
complex is too unstable to be isolated.[11,12] In this paper, we
report details of the reaction of alkynes with a bis(diphenyl-
silyl)platinum complex, which leads to the isolation of new
4-sila-3-platinacyclobutenes. We describe the full characteri-
zation of the metallacycles, the mechanism of its formation,
and its further reaction with alkynes. Part of the work has
already been reported in a preliminary form.[13]


Results and Discussion


Formation of 4-sila-3-platinacyclobutenes : The reactions of
dimethyl acetylenedicarboxylate (DMAD) with
[Pt(SiHPh2)2(PMe3)2]


[14] form the Pt-containing products as
summarized in Scheme 2i. [Pt(SiHPh2)2(PMe3)2] reacts with
equimolar DMAD in the presence of H2SiPh2 ([Pt] =


67 mm, [H2SiPh2] = 201 mm in THF) to produce cis-
[Pt(CZ=CZ�SiHPh2)(SiHPh2)(PMe3)2] (cis-1, Z =


COOMe), which is isolated in 93% yield after reacting for
5 min at room temperature. The reaction did not give a
trans isomer of cis-1 under these conditions. Insertion of al-
kynes into the Pt�Si bond of bis(silyl)platinum(ii) com-
plexes, having no Si�H groups, was studied both experimen-
tally and theoretically.[15] The reaction of DMAD with
[Pt(SiHPh2)2(PMe3)2] in THF ([Pt] = 5.5 mm) for 12 h yield-
ed 4-sila-3-platinacyclobutene, [PtK (CZ=CZ�SiLPh2)(PMe3)2]
(2), as yellow crystals in 85% yield, along with H2SiPh2.
Products of both reactions contain cis-1 and 2, although
each complex was isolated from the reaction mixtures under
the above conditions.
Analytically pure crystals of cis-1 and 2 were character-


ized unambiguously. These results have already been report-
ed in the preliminary communication.[13] Complex 2 was also
characterized by NMR (1H, 31P{1H}, 29Si{1H}) spectroscopy
in solution. The 29Si{1H} NMR spectrum contains a doublet
of doublets at d�63.6 accompanied by a 195Pt satellite
(J(Si,P) = 161 and 3 Hz, J(Si,Pt) = 778 Hz). 4-Sila-3-nickel-
lacyclobutene, (Et3P)2NiK�C(Ph)=C(SiMe3)-SiL(SiMe3)2, ex-
hibits the 29Si{1H} NMR signal of the Si in the four-mem-
bered metallacycle at d�105.4.[11] The peak position of nick-
ellacyclobutene at higher magnetic fields than 2 is partly


due to the SiMe3 groups bonded to the Si of the four-mem-
bered ring. The 13C{1H} NMR spectrum of 2 shows the sig-
nals of two vinylic carbons at d = 152.7 and 170.4. The
latter signal, which shows larger coupling constants (J(C,P)
= 7 and 106 Hz, J(C,Pt) = 716 Hz) than the former (J(C,P)
= 4 and 11 Hz, J(C,Pt) = 55 Hz), is assigned to the carbon
attached directly to the Pt center.
The NMR spectra of isolated cis-1 contain the signals not


only of the complex but also of 2 formed in the solution.
Concomitant formation of H2SiPh2 is noted in the


1H NMR
spectrum. The NMR signals of cis-1 were assigned by com-
parison of the spectra with those of 2 and of H2SiPh2. The
29Si{1H} NMR signals of cis-1 at d = 13.3 and 2.5 are attrib-
uted to the Si nuclei of the 3-sila-1-propenyl ligand and of
the SiHPh2 ligand, respectively. The former signal shows
smaller coupling constants (J(Si,P) = 8 Hz, J(Si,Pt) =


121 Hz) than the latter (J(Si,P) = 15 and 160 Hz, J(Si,Pt) =
1169 Hz). The 1H NMR spectrum shows the signals at d =


5.45 (J(H,Pt) = 40 Hz) and 6.35 (J(H,Pt) = 19 Hz), which
were assigned to the Si�H hydrogens of SiHPh2 ligand and
3-sila-1-propenyl ligand, respectively. Addition of H2SiPh2 to
a solution of 2 decreases the amount of the complex accom-
panied by formation of cis-1. These results indicate the at-
tainment of a rapid equilibrium of the complexes in solution
(Scheme 2ii). Figure 1 shows the 1H NMR spectra of the so-
lutions of cis-1 with [Pt] = 20 and 2 mm. The former spec-
trum shows the presence of a mixture of cis-1, 2, and
H2SiPh2 in similar amounts, while the latter exhibits much
larger signals of 2 and H2SiPh2 than cis-1. The results are ex-
plained by a shift of the equilibrium towards the formation
of 2 and H2SiPh2 in the more dilute solution.
Compound cis-1, which is in rapid equilibrium with 2 in a


solution, changes gradually into trans-[Pt(CZ=CZ�SiHPh2)-
(SiHPh2)(PMe3)2] (trans-1) at room temperature (Sche-
me 2iii). trans-1 was isolated in 57% yield after stirring a
solution of cis-1 in the presence of H2SiPh2 for 30 h and re-
crystallization of the products, while a change in the 1H


Scheme 1.


Scheme 2.
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NMR spectra during the reaction showed that conversion of
cis-1 into trans-1 was complete within 2 d. The reaction
probably took place by cycliza-
tion of the 3-sila-1-propenyl
ligand of cis-1 according to
Scheme 2ii to give 2 and subse-
quent addition of H2SiPh2 to
the Pt�C bond of 2 to regener-
ate cis-1 or to form trans-1. Al-
though the formation of trans-1
was much slower than the
mutual conversion of cis-1 and
2, once formed trans-1 was not
turned into 2 nor cis-1. This ir-
reversible formation of trans-1
prevented the determination of
precise thermodynamic parame-
ters of the reversible reactions
in Scheme 2ii. Thus, the new Pt
complexes shown in Scheme 2i are produced by the reac-
tions among the above complexes. Insertion of the C±C
triple bond of DMAD into a Pt�Si bond of
[Pt(SiHPh2)2(PMe3)2] gives cis-1 as the initial product which
is in rapid equilibrium with a mixture of 2 and H2SiPh2. cis-1
was converted gradually into trans-1 via formation of the in-
termediate 2 and its further reaction with H2SiPh2.
Complex [Pt(CZ=CZ�SiHPh2)(SiHPh2)(dmpe)] (3) was


isolated in 64% yield from the reaction of excess DMAD
with [Pt(SiHPh2)2(dmpe)]. The NMR (


1H and 31P{1H}) spec-
tra of a solution of isolated 3 indicate partial liberation of
H2SiPh2 and formation of a new Pt complex. The product
complex shows no 1H NMR signal from the Si�H hydrogen.
Based on these results as well as a comparison of the
31P{1H} NMR signals of the mixture with those of 2, the
complex formed in the solution is assigned to the 4-sila-3-
platinacyclobutene with a dmpe ligand 4 (Scheme 3). The
conversion of 3 into 4 is rapid and reversible; the ratios be-
tween the complexes in a [D8]toluene solution are 75:25 at
25 8C and 30:70 at 90 8C.
The molecules of cis-1, trans-1, and 3 contain an interac-


tion of the g-Si±H hydrogen of the 3-sila-1-propenyl ligand


with the Pt center. Table 1 summarizes the bond parameters
and spectroscopic data relating to this issue. The H1 hydro-
gens of trans-1 and 3 are located at the apical position of
the Pt center. The Pt¥¥¥Si distances, 3.657(2) and 3.540(2) ä,
are shorter than the sum of the van der Waals radii of Pt
and Si (3.85 ä).[16] The IR spectra show peaks at ñ = 2116±
2078 cm�1, which are assigned to the Si±H vibration of the
3-sila-1-propenyl ligand. The lower peak positions than


those of an organosilyl compound with a vinyl group,
Ph2SiH(CH=CH2) (2124 cm


�1),[17] suggest an interaction be-
tween the Si±H group and the Pt center in the solid state.
The 1H NMR signals of the Si±H hydrogen of cis-1, trans-1,
and 3 appear at d = 6.10±6.35, which are at lower field posi-
tions than that of Ph2SiH(CH=CH2) (d = 5.11).[17] The sig-
nals accompany the splitting from H±Pt coupling (J(H,Pt)
= 14±20 Hz). Coupling constants between Si and H of the
complexes (J(H,Si) = 196±197 Hz at 25 8C) are smaller than
that of Ph2SiH(CH=CH2) (206 Hz). The coupling constant
of cis-1 decreases slightly on lowering the temperature of
the solution (198 Hz at 70 8C, 196 Hz at 25 8C, and 195 Hz at
�30 8C). These results indicate that the agostic interaction
exists in the complexes in both the solid state and in solu-
tion, although the observed change of the spectroscopic pa-
rameters caused by the interaction is much smaller than
those observed in the compounds having a three-center-two-
electron bond between the metal center and C�H or Si±H
groups.[18]


Albinati et al. investigated the interaction of a C�H bond
of the ligand coordinated with square-planar d8 metal
center, which causes approach of the C�H group to the


Figure 1. 1H NMR spectra of C6D6 solutions of cis-1 at a) [Pt] = 20 mm


and b) [Pt] = 2.0 mm (400 MHz). The signals of cis-1 (&) and those of 2
(*) and H2SiPh2 formed in the solution are observed.


Scheme 3.


Table 1. X-ray and NMR data of the g-Si�H bond and Pt of cis-1, trans-1, and 3.
cis-1 trans-1 3 Ph2SiH(CH=CH2)


[a]


X-ray data
d(Si�H) [ä�1] ± 1.34 1.60 ±
d(Pt¥¥¥H) [ä�1] ± 2.93 2.40 ±
d(Pt¥¥¥Si) [ä�1] ± 3.657 3.540 ±
IR data
ñ(SiH) [cm�1][c] 2098 2078 2116 2124
NMR data
dSiH [ppm] 6.35 6.21 6.10 5.11
J(Pt,H) [Hz] 19 14 20 ±
J(Si,H) [Hz] 197 196 196[b] 206


[a] Taken from ref. [17]. [b] At 25 8C, 198 Hz at 70 8C, 195 Hz at �30 8C. [c] Complexes cis-1, trans-1, and 3
show the ñ(Si�H) peak of the diphenylsilyl ligand at 2070, 2049, and 2043 cm�1, respectively. The peak position
of [Pt(SiHPh2)2(PMe3)2] is 2026 cm


�1.
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apical site of the metal center. PtII and RhI complexes with
a formylquinoline or iminopyridine ligand show a shift of
the 1H NMR signal of the hydrogen to a low magnetic field
position because of deshielding by the filled dz2 orbital of
the metal center.[19] They proposed an interaction involving
a three-center-four-electron bond to account for the spectros-
copic results which differ from the complexes that have a
three-center-two-electron bond. The 3-sila-1-propenylplati-
num complexes in this study exhibit similar spectroscopic
features to the above-mentioned Rh and Pt complexes in
which there is an interaction between the C�H group and
the metal in the form of a three-center-four-electron bond.
C�H and N�H bond activation reactions, triggered by such
an interaction of the ligand and the square-planar d8 metal
centers, have already been reported.[20] Recently, a Ta com-
plex was reported to have a g-Si-H-Ta interaction that was
classified as a three-center-two-electron bond.[21]


Scheme 4i depicts a plausible pathway for the conversion
between cis-1, trans-1, and 2. Intramolecular oxidative addi-
tion of the Si�H bond of cis-1 to the Pt center forms an in-
termediate complex A with a 4-sila-3-platinacyclobutene
ring and with hydrido and SiHPh2 ligands. Reductive elimi-
nation of H2SiPh2 from the PtIV complex readily occurs to
give the 4-sila-3-platinacyclobutene 2 with a PtII center. Oxi-
dative addition of H2SiPh2 to 2 also gives A, which causes
coupling of the hydrido and the Si atom of the four-mem-
bered ring to regenerate cis-1. Another oxidative addition
product, B, which is an isomer of A, induces a similar Si�H
formation to give trans-1. The Si�H bond activation of
trans-1 would form a hexacoordinated intermediate having
two silyl ligands at the mutually trans positions. This struc-
ture is less favorable than intermediate A that has the two
silyl ligands with a highly electron-releasing nature at the cis
positions. Thus, according to this mechanism, trans-1 is not
converted into cis-1 or 2. Another possible pathway is
shown in Scheme 4(ii). Activation of the g-Si�H bond and
Pt�Si bond of cis-1 takes place simultaneously with the for-
mation of new Pt�Si and Si�H bonds to produce the 4-sila-
3-platinacyclobutene and H2SiPh2. The concerted reaction
pathway, which resembles that of s-bond metathesis, also ac-
counts for the smooth and reversible conversion between
cis-1 and 2. Conversion of 2 into trans-1 via this intermedi-
ate is sterically much less favorable than the conversion into
cis-1.
Addition of alkyne to a platinum silylene intermediate


was proposed for the formation of 4-sila-3-platinacyclobu-
tene in the previous reports.[2,5] Although platinum silylene
complexes could react with the unsaturated molecules to
form the four-membered silaplatinacycles, the reactions of
3-sila-1-propenylplatinum complexes in this study do not in-
volve the Pt silylene intermediate but occur following the
direct pathway in Scheme 4. Insertion of DMAD into the
Pt�Si bond of the [Pt(SiHPh2)2(PMe3)2], giving the 3-sila-1-
propenyl ligand bonded to the Pt center, takes place more
rapidly than the a elimination of the diphenylsilyl ligand to
form the Pt silylene intermediate.


Reaction of alkynes with the silaplatinacycle : Reaction of
excess DMAD with [Pt(SiHPh2)2(PMe3)2] affords a 5-sila-2-


platina-1,4-cyclohexadiene with p-coordinated DMAD,
[PtK (CZ=CZ�SiPh2�CZ=CL Z)(DMAD)(PMe3)2] (5), as
shown in Equation (1). Complex 5 has a trigonal bipyrami-
dal structure with two PMe3 ligands at the apical positions.
Figure 2 depicts the structure of this molecule which has a


crystallographic C2 symmetry around the Si�Pt axis and a
flat six-membered ring. The Pt�P bond (2.346 ä) is longer
than that of square-planar PtII complexes with the phos-
phine ligands at mutually trans positions. Tanaka reported
the preparation of the 5-sila-2-platina-1,4-cyclohexadiene


Scheme 4.


Figure 2. ORTEP drawing of 5 with 50% thermal ellipsoid. One of the
two crystallographically independent molecules is shown. The molecule
has a symmetrical axis between Pt and Si. Atoms with asterisks are crys-
tallographically equivalent to those having the same number without as-
terisks. Selected bond lengths [ä] and angles [8]: Pt�P1 2.346(1), Pt�C1
2.119(4), Pt�C7 2.128(4), C1�C2 1.337(5), Si�C2 1.871(4), C7�C7*
1.28(1), P1-Pt-P1* 180.00(7), C1-Pt-C1* 97.6(2), P1-Pt-C1 91.2(2), P1-Pt-
C1* 88.8(2), C2-Si-C2* 110.4(3), Pt-C1-C2 128.5(3), Si-C2-C1 127.1(3),
C7*-C7-C8 142.0(3).
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without a coordinated alkyne ligand, [PtK (CPh=CH�SiMe2�
CH=CL Ph)(PEt3)2], from the reaction of phenyl acetylene
with [Pt(SiHMe2)2(PEt3)2].


[5] We also reported the reaction
of ferrocenyl acetylene with [Pt(SiHPh2)2(PMe3)2] to give 5-
sila-2-platina-1,4-cyclohexadienes with ferrocenyl pen-
dants.[22] The five-coordinated structure of 5 is stabilized by
p-back donation of Pt to the DMAD ligand that has elec-
tron-withdrawing COOMe substituents. Formation of com-
plex 5 probably involves the intermediate complex 2 which
causes insertion of DMAD into the Pt�Si bond of the four-
membered cycle as proposed in the previous report.[5]


Scheme 5 depicts the pathway for the formation of 5 in this
study based on the above results. The initial reaction of
DMAD with the bis(silyl)platinum complex forms the inter-
mediate 3-sila-1-propenylplatinum complex that is in equili-
brium with the 4-sila-3-platinacyclobutene. Further insertion
of the alkyne into the Pt�Si bond of the 4-sila-3-platinacy-
clobutene and coordination of another alkyne molecule to
the Pt center give the product. The reaction of DMAD with
complex 2 also affords the six-membered metallacycle 5 in
high yields.


Terminal alkynes, such as phenyl acetylene and methyl
acetylenecarboxylate, react with 2 to give unsymmetrical
six-membered silaplatinacycles, [PtK (CZ=CZ�SiPh2�CH=CL Z)-
(PMe3)2] (6) and [PtK (CZ=CZ�SiPh2�CH=CL Ph)(PMe3)2] (7),
respectively, as shown in Equations (2) and (3). Complex 7
contains a puckered six-membered 5-platina-2-sila-1,4-cyclo-
hexadiene ring (Figure 3). Phenyl acetylene shows a lower re-
activity than methyl acetylenecarboxylate; completion of the


latter reaction requires 24 h at 508C. Both reactions give the
complexes with the substituents at the a carbon of the metal-
lacycle selectively. A preliminary result of the reaction of 1-
hexyne with 2 also produces a similar complex with a butyl
group at the a position of the six-membered metallacycle, al-
though isolation of the product is not feasible because of the
low yield of the product. The reaction of methyl 2-butynolate
with 2 affords an equimolar mixture of the regioisomers
[PtK (CZ=CZ�SiPh2�CMe=CL Z)(PMe3)2] (8) and [PtK (CZ=CZ�
SiPh2�CZ=CL Me)(PMe3)2] (9) as shown in Equation (4).
Repeated recrystallization of the products gives single crystals


of complex 8. Figure 4 shows the molecular structure of
the complex which has the COOMe group in the a posi-
tion. Comparison of the 1H NMR spectrum of 8 and the mix-
ture of 8 and 9 enabled the assignment of the signals of
both complexes (Figure 5). The alkyne having both an
electron-withdrawing COOMe group and an electron-donat-
ing Me group inserts into the Pt�Si bond without selec-
tivity to give the two possible products in equal amounts.
The results suggest that the direction of the alkyne inser-
tion is influenced by the steric bulkiness of the substi-
tuents on the alkyne more significantly than their electronic
factors.
Scheme 6 depicts the mechanism of insertion of the mono-


substituted alkyne into the Pt�Si bond of 2. Initial coordina-
tion of alkyne to an apical position of the square-planar Pt
center of 2 is followed by insertion of the alkyne into the
Pt�Si bond. The insertion leads to the product with the sub-


Scheme 5.


Figure 3. ORTEP drawing of 7 with 50% thermal ellipsoids. Selected
bond lengths [ä] and angles [8]: Pt�P1 2.315(4), Pt�P2 2.304(4), Pt�C1
2.08(1), Pt�C9 2.06(1), Si�C2 1.84(1), Si�C10 1.90(1), C1�C2 1.35(2),
C1�C3 1.47(2), C9�C10 1.32(2), P1-Pt-P2 95.7(1), P1-Pt-C9 91.1(3), P2-
Pt-C1 88.4(4), C1-Pt-C9 84.7(5), C2-Si-C10 102.7(5), Pt-C1-C2 116(1), Si-
C2-C1 120(1), Pt-C9-C10 125(1), Si-C10-C9 113(1).
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stituent at the a position because alkyne insertion in the op-
posite direction causes severe steric repulsion between the
substituent of the alkyne and the SiPh2 group. The steric in-
teraction between the substituent and the metal center or
PMe3 ligand in the pathway in Scheme 6 is less severe be-
cause of the long Pt�P bond. Results of the reactions of al-
kynes with alkyl complexes of late transition metals, leading
to the alkyne insertion into the M�C bond, were often ex-
plained by means of the steric factors of the substituents on
the alkynes.[23]


In summary, this study revealed that the 4-sila-3-platinacy-
clobutene does exist and reacts with the alkynes to form the
six-membered cyclic silaplatinacyclohexdiene. The reaction
of the bissilylplatinum complex with alkynes to give 4-sila-3-
platinacyclobutene involves the formation of the 3-sila-1-
propenylplatinum intermediate and subsequent intramolecu-
lar g-Si�H bond activation by the Pt center.


Experimental Section


General methods : All manipulations of the complexes were carried out
using standard Schlenk techniques under argon or nitrogen atmosphere.
Hexane, toluene, and THF were distilled from sodium/benzophenone
and stored under nitrogen. NMR spectra (1H, 13C, 29Si, and 31P) and IR
spectra were recorded on JEOL EX-400 and Varian Mercury300 spec-
trometers and a Shimadzu FTIR-8100A spectrophotometer, respectively.
[Pt(SiHPh2)2(PMe3)2] was prepared according to the literature method.


[14]


[Pt(SiHPh2)2(dmpe)] was prepared by heating a 2:1 mixture of H2SiPh2
and [PtMe2(dmpe)]


[24] in toluene for 24 h at 90 8C. DMAD and H2SiPh2
were purchased and used as received. Peak positions of the 31P{1H} and
29Si{1H} NMR spectra were referenced to external 85% H3PO4 and exter-
nal SiMe4, respectively. Elemental analyses were carried out with a
Yanaco MT-5 CHN autocorder.


Preparation of cis-[Pt(CZ=CZSiHPh2)(SiHPh2)(PMe3)2] (cis-1): DMAD
(82 mL, 0.67 mmol) was added to a THF (10 mL) solution of H2SiPh2
(374 mL, 2.01 mmol) and [Pt(SiHPh2)2(PMe3)2] (479 mg, 0.67 mmol) at
room temperature. After stirring the reaction mixture for 5 min, the sol-
vent was removed under reduced pressure. Addition of hexane (3 mL)
caused separation of a pale orange solid which was collected by filtration,
washed with hexane (4î3 mL), and dried in vacuo (533 mg, 93%); ele-
mental analysis calcd (%) for C36H46O4P2PtSi2: C 50.52, H 5.42; found: C
51.08, H 5.40. The NMR data of cis-1 were obtained from the spectra of
a mixture of 2, cis-1, and H2SiPh2, because once isolated cis-1 was soon
equilibrated with 2 and H2SiPh2 in solution.


1H NMR (300 MHz, C6D6):
d = 0.92 (d, 9H, J(H,P) = 9 Hz, J(H,Pt) = 25 Hz, P(CH3)3 cis to Si),
1.06 (d, 9H, J(H,P) = 8 Hz, J(H,Pt) = 19 Hz, P(CH3)3 trans to Si), 3.25
(s, 3H, OCH3), 3.26 (s, 3H, OCH3), 5.45 (app t, 1H, J(H,Pt) = 40 Hz,
PtSiH), 6.35 (s, 1H, J(H,Pt) = 19 Hz, J(H,Si) = 197 Hz, =CSiH), 7.08±
7.28 (m, 12H, C6H5-m and p), 7.74 (d, 2H, J(H,H) = 7 Hz, C6H5-o), 7.77
(d, 2H, J(H,H) = 7 Hz, C6H5-o), 8.00 (d, 2H, J(H,H) = 7 Hz, C6H5-o),
8.08 (d, 2H, J(H,H) = 7 Hz, C6H5-o);


31P{1H} NMR (162 MHz, C6D6): d
= �30.7 (d, J(P,P) = 23 Hz, J(P,Pt) = 2089 Hz, P cis to Si), �19.3 (d,
J(P,P) = 23 Hz, J(P,Pt) = 1455 Hz, P trans to Si); 29Si{1H} NMR
(79 MHz, CD2Cl2): d = 13.3 (app t, J(Si,P) = 8 Hz, J(Si,Pt) = 121 Hz,
CSi), 2.51 (dd, J(Si,P) = 15 and 160 Hz, J(Si,Pt) = 1169 Hz, PtSi); IR
(KBr): ñ = 2098, 2070 (Si�H), 1700, 1684 (C=O) cm�1.


Preparation of [PtK (CZ=CZSiLPh2)(PMe3)2] (2): DMAD (19 mL,
0.14 mmol) at room temperature was added to a THF (25 mL) solution
of [Pt(SiHPh2)2(PMe3)2] (98 mg, 0.14 mmol). A


1H NMR spectrum of the
solution showed formation of H2SiPh2. After stirring the solution for
12 h, the solvent was evaporated to dryness. Addition of hexane (3.5 mL)
to the residue caused separation of a yellow solid which was collected by
filtration, washed with hexane (2î3 mL), and dried in vacuo. Recrystalli-
zation from THF/hexane gave 2 as yellow crystals (79 mg, 85%). 1H
NMR (400 MHz, CD2Cl2): d = 1.38 (d, 9H, J(H,P) = 9 Hz, J(H,Pt) =


32 Hz, P(CH3)3 cis to Si), 1.51 (d, 9H, J(H,P) = 8 Hz, J(H,Pt) = 16 Hz,
P(CH3)3 trans to Si), 3.50 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 7.32±7.33
(m, 6H, C6H5-m and p), 7.72 (m, 4H, C6H5-o);


13C{1H} NMR (100 MHz,
CD2Cl2): d = 17.2 (d, J(C,P) = 22 Hz, J(C,Pt) = 17 Hz, P(CH3)3 trans
to Si), 20.0 (dd, J(C,P) = 4 Hz, J(C,P) = 33 Hz, J(C,Pt) = 45 Hz,
P(CH3)3 cis to Si), 51.0 (OCH3), 51.3 (OCH3), 127.7 (C6H5-m), 128.6
(C6H5-p), 136.6 (C6H5-o, J(C,Pt) = 22 Hz), 138.7 (br, J(C,P) = 5 Hz,
C6H5-i), 152.7 (dd, J(C,P) = 4 Hz, J(C,P) = 11 Hz, J(C,Pt) = 55 Hz,
SiC=C), 167.3 (dd, J(C,P) = 4 Hz, J(C,P) = 9 Hz, J(C,Pt) = 161 Hz,
PtCC=O), 170.4 (dd, J(C,P) = 7 Hz, J(C,P) = 106 Hz, J(C,Pt) =


716 Hz, PtC), 178.2 (dd, J(C,P) = 4 Hz, J(C,P) = 11 Hz, J(C,Pt) =


29 Hz, SiCC=O); 31P{1H} NMR (162 MHz, CD2Cl2): d = �30.7 (d, J(P,P)
= 16 Hz, J(P,Pt) = 2357 Hz, P cis to Si), �17.2 (d, J(P,P) = 16 Hz,


Figure 4. ORTEP drawing of 8 with 50% thermal ellipsoids. Selected
bond lengths [ä] and angles [8]: Pt�P1 2.29(1), Pt�P2 2.305(8), Pt�C1
1.99(2), Pt�C6 2.08(2), C1�C2 1.29(5), C6�C7 1.36(4), C2�C5 1.49(4),
Si�C2 1.91(3), Si�C7 1.90(3), P1-Pt-P2 95.9(4), P2-Pt-C1 86.3(9), P1-Pt-
C6 92.8(9), C1-Pt-C6 85.3(12), Si-C2-C1 107.3(20), Si-C7-C6 117.9(20),
C2-Si-C7 103.4(14)


Figure 5. 1H NMR spectra of a) isolated 8 and b) a mixture of 8 and 9.
(400 MHz, C6D6). Peaks with an asterisk in (b) are assigned to 9.


Scheme 6.
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J(P,Si) = 161 Hz, J(P,Pt) = 1384 Hz, P trans to Si); 29Si{1H} NMR
(79 MHz, CD2Cl2): d = �63.6 (dd, J(Si,P) = 3 Hz, J(Si,P) = 161 Hz,
J(Si,Pt) = 778 Hz); IR (KBr): ñ = 1690, 1703 (C=O) cm�1; elemental
analysis calcd (%) for C24H34O4P2PtSi: C 42.92, H 5.10; found: C 42.91,
H 5.02.


Preparation of trans-[Pt(CZ=CZSiHPh2)(SiHPh2)(PMe3)2] (trans-1):
H2SiPh2 (264 mL, 1.41 mmol) at room temperature was added to a tolu-
ene (20 mL) solution of cis-1 (122 mg, 0.14 mmol). After 30 h, solvent
was removed under reduced pressure. Addition of hexane (3 mL) to the
residue caused separation of a yellow solid which was collected by filtra-
tion, washed with hexane repeatedly, and dried in vacuo (69 mg, 57%).
Recrystallization from toluene/hexane afforded single crystals of trans-1.
1H NMR (400 MHz, C6D6): d = 1.17 (vt, 18H, J(H,P) = 4 Hz, J(H,Pt)
= 32 Hz, P(CH3)3), 3.31 (s, 3H, OCH3), 3.61 (s, 3H, OCH3), 4.98 (t, 1H,
J(H,P) = 14 Hz, J(H,Pt) = 28 Hz, PtSiH), 6.21 (s, 1H, J(H,Pt) = 14 Hz,
J(H,Si) = 196 Hz, =CSiH), 7.17±7.30 (m, 12H, C6H5-m and p), 7.93 (d, 4
H, J(H,H) = 7 Hz, C6H5-o), 8.01 (d, 4H, J(H,H) = 7 Hz, C6H5-o);
13C{1H} NMR (100 MHz, CDCl3): d = 15.6 (vt, J(C,P) = 40 Hz, J(C,Pt)
= 40 Hz, P(CH3)3), 50.5 (OCH3), 50.9 (OCH3), 127.3 (C6H5-m), 127.7
(SiC=, J(C,Pt) = 37 Hz), 127.9 (C6H5-m), 129.4 (C6H5-p), 130.2 (C6H5-p),
134.3 (C6H5-i), 135.7 (C6H5-o), 136.9 (J(C,Pt) = 16 Hz, C6H5-o), 141.5
(J(C,Pt) = 24 Hz, C6H5-i), 167.7 (J(C,Pt) = 72 Hz, PtCC=O), 177.5
(J(C,Pt) = 41 Hz, SiCC=O), 214.7 (J(C,P) = 13 Hz, J(C,Pt) not deter-
mined, PtC=); 31P{1H} NMR (121 MHz, C6D6): d = �22.7 (s, J(P,Pt) =


2511 Hz); 29Si{1H} NMR (79 MHz, CDCl3): d = �16.9 (br, J(Si,Pt) =


83 Hz, PtSi), �12.5 (br, J(Si,Pt) = 33 Hz, CSi); IR (KBr): ñ = 2078, 2049
(Si�H), 1707, 1690 (C=O) cm�1; elemental analysis calcd (%) for
C36H46O4P2PtSi: C 50.52, H 5.42; found: C 51.19, H 5.43.


Preparation of [Pt(CZ=CZ�SiHPh2)(SiHPh2)(dmpe)] (3): DMAD
(192 mL, 1.51 mmol) at room temperature was added to a THF (3 mL)
solution of [Pt(SiHPh2)2(dmpe)] (234 mg, 0.31 mmol). A white solid was
precipitated during the reaction. After 8 h, the solid product was collect-
ed by filtration, washed with hexane, and dried in vacuo. Recrystalliza-
tion from THF/hexane gave 3 as colorless crystals (179 mg, 61%). The
1H NMR spectrum exhibited the signals of not only 3 but also 4 and
H2SiPh2 formed in the solution. The NMR data of 3 and 4 were obtained
from the solution containing a mixture of the complexes. 1H NMR
(400 MHz, C6D6): d = 0.73 (d, 3H, J(H,P) = 10 Hz, J(H,Pt) = 25 Hz,
P(CH3)2 trans to Si), 0.80 (d, 3H, J(H,P) = 9 Hz, J(H,Pt) = 19 Hz,
P(CH3)2 trans to Si), 0.95 (d, 3H, J(H,P) = 10 Hz, J(H,Pt) = 29 Hz,
P(CH3)2 cis to Si), 1.03 (d, 3H, J(H,P) = 10 Hz, J(H,Pt) = 39 Hz, over-
lapped with the methyl hydrogen signals, P(CH3)2 cis to Si), 1.41 (CH2�
THF), 3.25 (s, 3H, PtC=CCOOCH3), 3.33 (s, 3H, J(H,Pt) = 3 Hz,
PtCCOOCH3), 3.56 (OCH2�THF), 5.60 (app t, 1H, J(H,Pt) = 36 Hz,
PtSiH), 6.10 (s, 1H, J(H,Pt) = 20 Hz, J(H,Si) = 196 Hz, =CSiH), 7.08±
7.23 (m, 10H, C6H5-m and p) 7.30 (t, 2H, J(H,H) = 7 Hz, C6H5-p), 7.70
(d, 4H, J(H,H) = 7 Hz, C6H5-o), 7.96 (d, 1H, J(H,H) = 7 Hz, C6H5-o),
7.97 (d, 1H, J(H,H) = 7 Hz, C6H5-o), 8.07 (d, 2H, J(H,H) = 7 Hz,
C6H5-o), methylene and methyl hydrogen signals overlapped severely;
13C{1H} NMR (100 MHz, CDCl3, at �50 8C): d = 10.2 (d, J(C,P) =


22 Hz, J(C,Pt) = 28 Hz, P(CH3)2), 11.4 (d, J(C,P) = 26 Hz, J(C,Pt) =


31 Hz, P(CH3)2), 12.2 (d, J(C,P) = 35 Hz, J(C,Pt) = 33 Hz, P(CH3)2),
12.6 (d, J(C,P) = 31 Hz, J(C,Pt) = 51 Hz, P(CH3)2), 26.6 (dd, J(C,P) =


31 Hz, J(C,P) = 11 Hz, PCH2), 29.1 (dd, J(C,P) = 35 Hz, J(C,P) =


18 Hz, PCH2), 25.5 (CCH2�THF), 49.9 (OCH3), 50.7 (OCH3), 67.7
(OCH2�THF), 126.9 (C6H5-m), 127.0 (C6H5-m), 127.1 (C6H5-p), 127.2
(C6H5-m), 127.3 (C6H5-p), 127.7 (C6H5-m), 128.5 (C6H5-p), 129.4 (C6H5-
p), 135.0 (C6H5-o), 135.1 (C6H5-i), 135.4 (C6H5-i), 135.5 (J(C,Pt) = 24 Hz,
C6H5-o), 135.9 (C6H5-o), 137.3 (J(C,Pt) = 28 Hz, C6H5-o), 141.3 (d,
J(C,P) = 6 Hz, J(C,Pt) = 39 Hz, C6H5-i), 143.7 (app t, J(C,P) = 6 Hz,
J(C,Pt) = 35 Hz, C6H5-i), 167.0 (d, J(C,P) = 9 Hz, J(C,Pt) = 103 Hz,
PtCC=O), 177.5 (d, J(C,Pt) = 22 Hz, SiCC=O), 205.9 (dd, J(C,P) =


11 Hz, J(C,P) = 94 Hz, J(C,Pt) = 738 Hz, PtC); 31P{1H} NMR
(162 MHz, C6D6): d = 20.1, (d, J(P,P) = 14 Hz, J(P,Pt) = 1921 Hz, P cis
to Si), 37.7 (d, J(P,P) = 14 Hz, J(P,Si) = 160 Hz, J(P,Pt) = 1406 Hz, P
trans to Si); 29Si{1H} NMR (79 MHz, CDCl3): d = �15.7 (app t, J(Si,P) =
4 Hz, J(Si,Pt) = 125 Hz, =CSi), �1.18 (dd, J(Si,P) = 13 Hz, J(Si,P) =


160 Hz, J(Si,Pt) = 1167 Hz, PtSi); IR (KBr): ñ = 2116, 2043 (Si�H),
1703, 1690 (C=O) cm�1; elemental analysis calcd (%) for C36H44O4P2Pt-
Si2¥C4H8O: C 51.88, H 5.66; found: C 51.90, H, 5.66.


Data of 4 : 1H NMR (400 MHz, [D8]toluene, 90 8C): d = 0.85 (d, 2H,
J(H,P) = 10 Hz, P(CH2)2P), 0.90 (d, 2H, J(H,P) = 10 Hz, P(CH2)2P),
1.01 (d, 6H, J(H,P) = 9 Hz, J(H,Pt) = 32 Hz, P(CH3)2 cis to Si), 1.16 (d,
6H, J(H,P) = 9 Hz, J(H,Pt) = 17 Hz, P(CH3)2 trans to Si), 3.40 (s, 3H,
OCH3), 3.68 (s, 3H, OCH3), 7.11±7.20 (C6H5-m and p and H2SiPh2), 7.87
(d, 4H, J(H,H) = 7 Hz, C6H5-o);


31P{1H} NMR (162 MHz, [D8]toluene,
90 8C): d = 21.2 (J(P,Pt) = 2177 Hz, P cis to Si), 37.3 (J(P,Pt) =


1345 Hz, P trans to Si).


Preparation of [PK t(CZ=CZ�SiPh2�CZ=CZ)(ZC�CL Z)(PMe3)2] (5):
DMAD (82 mL, 0.67 mmol) at room temperature was added to a THF
(3 mL) solution of [Pt(SiHPh2)2(PMe3)2] (160 mg, 0.22 mmol); during the
course of the reaction the color of the solution turned from yellow to
orange. After stirring for 1.5 h, the solvent was evaporated to dryness.
Addition of hexane to the residue caused separation of the product as an
orange solid which was collected by filtration, washed with hexane
(5 mL) and Et2O (5 mL), and dried in vacuo to give 5 (208 mg, 96%).
Recrystallization from Et2O and hexane gave yellow crystals. 1H NMR
(400 MHz, C6D6): d = 1.39 (appt due to virtual coupling, 18H, apparent
splitting 5 Hz, J(H,Pt) = 19 Hz, P(CH3)3), 3.20 (s, 6H, OCH3), 3.45 (s, 6
H, OCH3), 3.70 (s, 6H, OCH3), 7.20±7.28 (m, 6H, C6H5-m and p), 8.03
(d, 4H, J(H,H) = 8 Hz, C6H5-o);


13C{1H} NMR (100 MHz, CDCl3): d =


14.0 (app t due to virtual coupling, J(C,Pt) = 20 Hz, P(CH3)3), 50.6 (s,
OCH3), 50.8 (br, OCH3), 52.0 (s, OCH3), 93.8 (d, J(C,P) = 6 Hz, J(C,Pt)
= 195 Hz, C�C), 126.9 (C6H5-m), 128.9 (C6H5-p), 134.3 (C6H5-i), 136.2
(J(C,Pt) = 69 Hz, PtC=C), 136.5 (C6H5-o), 161.2 (J(C,Pt) = 20 Hz,C=
O), 165.5 (t, J(C,P) = 9 Hz, J(C,Pt) = 758 Hz, PtC=C), 167.4 (J(C,Pt) =
70 Hz, C=O), 177.3 (J(C,Pt) = 13 Hz, C=O); 31P{1H} NMR (162 MHz,
C6D6): d = �24.7 (J(P,Pt) = 1791 Hz); 29Si{1H} NMR (79 MHz, CDCl3):
d = �19.5 (J(Si,Pt) = 103 Hz); elemental analysis calcd (%) for
C36H46O12P2PtSi: C 45.24, H 4.85; found: C 45.59, H 5.05.


Preparation of [PK t(CZ=CZ�SiPh2�CH=CL Z)(PMe3)2] (6): Methyl pro-
piolate (12.0 mL, 0.14 mmol) at room temperature was added to a toluene
(4 mL) solution of 2 (80.6 mg, 0.12 mmol). The NMR spectra of the reac-
tion mixture after 1 h showed consumption of 2. The solvent was evapo-
rated to dryness. Addition of hexane (5 mL) to the residue caused sepa-
ration of a solid which was collected by filtration, washed with hexane
(2î1 mL), and dried in vacuo to give 6 (72 mg, 61%). The complex con-
tained water which might be contained in the alkyne or solvent used in
the reaction. 1H NMR (300 MHz, C6D6): d = 0.80 (d, 9H, J(H,P) =


9 Hz, P(CH3)3), 0.95 (d, 9H, J(H,P) = 8 Hz, J(H,Pt) = 20 Hz, P(CH3)3),
3.21 (s, 3H, OCH3), 3.52 (s, 3H, OCH3), 3.60 (s, 3H, OCH3), 7.12 (m, 6
H, C6H5-m and p), 7.64 (m, 2H, C6H5-o), 7.84 (m, 2H, C6H5-o), 8.44 (dd,
1H, J(H,P) = 3, 13 Hz, J(H,Pt) = 113 Hz, =CH); 13C{1H} NMR
(100 MHz, CD2Cl2): d = 16.7 (d, J(C,P) = 6 Hz, J(C,Pt) = 28 Hz,
P(CH3)3), 16.9 (d, J(C,P) = 7 Hz, J(C,Pt) = 27 Hz, P(CH3)33), 50.9
(OCH3), 51.6 (OCH3), 51.8 (OCH3), 127.6 (C6H5-m), 128.0 (C6H5-m),
129.2 (C6H5-p), 129.3 (C6H5-p), 134.7 (SiC(Z)=), 135.4 (C6H5-o), 135.9
(C6H5-o), 136.7 (C6H5-i), 138.5 (C6H5-i), 140.7 (SiC(H)=), 170.6 (d, C=O,
J(C,P) = 9 Hz, J(C,Pt) = 105 Hz), 173.9 (app t, J(C,P) = 7 Hz, J(C,Pt)
= 42 Hz, C=O), 176.5 (app t, J(C,P) = 6 Hz, J(C,Pt) not determined, C=
O), 181.3 (dd, J(C,P) = 17, 112 Hz, J(C,Pt) not determined, PtC=), 187.4
(dd, J(C,P) = 17, 112 Hz, J(C,Pt) not determined, PtC=); 31P{1H} NMR
(162 MHz, C6D6): d = �29.5 (d, J(P,P) = 20 Hz, J(P,Pt) = 1904 Hz),
�28.5 (d, J(P,P) = 20 Hz, J(P,Pt) = 2119 Hz); elemental analysis calcd
(%) for C28H38O6P2PtSi¥H2O: C 43.47, H 5.21; found: C 43.28, H 4.92.


Preparation of [PK t(CZ=CZ�SiPh2�CH=CL Ph)(PMe3)2] (7): Phenyl acety-
lene (39.1 mL, 0.36 mmol) was added to a THF (5 mL) solution of 2
(79.8 mg, 0.12 mmol). The reaction was carried out at 50 8C for 24 h. The
1H NMR spectrum after the reaction showed consumption of 2. The sol-
vent was removed by evaporation. Addition of hexane (3 mL) to the resi-
due caused separation of the product as a solid which was collected by
filtration, washed with hexane (2î1 mL), and dried in vacuo to give 7.
Recrystallization from THF/hexane afforded pale yellow crystals (61 mg,
66%). 1H NMR (400 MHz, C6D6): d = 0.58 (d, 9H, J(H,P) = 9 Hz,
J(H,Pt) = 20 Hz, P(CH3)3), 0.95 (d, 9H, J(H,P) = 8 Hz, J(H,Pt) =


18 Hz, P(CH3)3), 3.26 (s, 3H, OCH3), 3.65 (s, 3H, OCH3), 7.12±7.20 (the
signals of C6H5-p, SiC6H5-m and p are overlapped), 7.26 (t, 2H, J(H,H)
= 7.4 Hz, C6H5-m), 7.48 (dd, 1H, J(H,P) = 3, 18 Hz, J(H,Pt) = 118 Hz,
=CH), 7.62 (m, 2H, SiC6H5-o), 7.85 (d, 2H, J(H,H) = 7 Hz, CC6H5-o),
8.00 (m, 2H, SiC6H5-o);


13C{1H} NMR (100 MHz, CD2Cl2): d = 16.8 (dd,
J(C,P) = 6 Hz, J(C,Pt) = 27 Hz, P(CH3)3), 16.9 (dd, J(C,P) = 6 Hz,
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J(C,Pt) = 24 Hz, P(CH3)3), 50.7
(OCH3), 51.3 (OCH3), 125.8 (J(C,Pt)
= 9 Hz, SiC(Z)=), 126.6 (CC6H5-p),
127.5 (SiC6H5-m), 127.9 (CC6H5-m),
128.0 (SiC6H5-m), 128.1 (SiC6H5-p),
128.8 (SiC6H5-p), 128.9 (CC6H5-o),
135.4 (SiC6H5-o), 136.0 (SiC6H5-m),
138.0 (CC6H5-i), 139.9 (SiC6H5-i),
140.3 (SiC6H5-i), 151.9 (J(C,P) =


6 Hz, J(C,Pt) = 18 Hz, =CH), 170.7
(d, J(C,P) = 12 Hz, SiCC=O), 176.6
(dd, J(C,P) = 4 and 33 Hz, PtCC=
O) 187.2 (d, J(C,P) = 18 and
116 Hz, PtC=), 195.2 (d, J(C,P) = 18
and 121 Hz, PtC=); 31P{1H} NMR
(162 MHz, C6D6): d = �29.0 (d,
J(P,P) = 20 Hz, J(P,Pt) = 2158 Hz),
�28.5 (d, J(P,P) = 20 Hz, J(P,Pt) =


1724 Hz); elemental analysis calcd
(%) for C32H40O4P2PtSi: C 49.67, H
5.21; found: C 49.61, H 5.37.


Reaction of methyl 2-butynolate
with 2 : Methyl 2-butynolate
(22.6 mg, 0.22 mmol) at room tem-
perature was added to a THF (3 mL)
solution of 2 (78.5 mg, 0.11 mmol).
The reaction was carried out at 50 8C
for 12 h. The solvent was evaporated
to dryness. Addition of hexane (3 mL) to the residue caused separation
of a solid which was collected by filtration, washed with hexane (2î
3 mL), and dried in vacuo to give an equimolar mixture of [PtK (CZ=CZ�
SiPh2�CMe=CL Z)(PMe3)2] (8) and [PtK (CZ=CZ�SiPh2�CZ=CL Me)(PMe3)2]
(9). Repeated recrystallization of the mixture gave single crystals of 8. X-
ray crystallography and 1H NMR spectroscopy showed the structure of 8
unambiguously, although analytically pure samples were not obtained.
The NMR data of 9 was obtained as a mixture with 8.


Data for 8 : 1H NMR (400 MHz, C6D6): d = 0.93 (d, 9H, J(H,P) = 9 Hz,
P(CH3)3), 0.94 (d, 9H, J(H,P) = 9 Hz, P(CH3)3), 2.18 (dd, 3H, J(H,P) =


1 and 2 Hz, =CCH3), 3.21 (s, 3H, OCH3), 3.51 (s, 3H, OCH3), 3.65 (s, 3
H, OCH3), 7.10 (m, 6H, C6H5-m and p), 7.52 (m, 2H, C6H5-o), 7.91 (m, 2
H, C6H5-o);


31P{1H} NMR (162 MHz, CDCl3): d = �28.7 (d, J(P,P) =


20 Hz, J(P,Pt) = 1985 Hz), �27.9 (d, J(P,P) = 20 Hz, J(P,Pt) =


2134 Hz).


Data for 9 : 1H NMR (400 MHz, C6D6): d = 0.64 (d, 9H, J(H,P) = 9 Hz,
J(H,Pt) = 29 Hz, P(CH3)3), 1.14 (d, 9H, J(H,P) = 9 Hz, J(H,Pt) =


32 Hz, P(CH3)3), 2.78 (s, 3H, J(H,Pt) = 7 Hz, =CCH3), 3.23 (s, 3H,
OCH3), 3.36 (s, 3H, OCH3), 3.73 (s, 3H, OCH3), 7.33 (t, 6H, J(H,H) =


7 Hz, C6H5-m and p), 8.02 (m, 2H, C6H5-o) 8.19 (m, 2H, J(H,H) = 7 Hz,
C6H5-o);


31P{1H} NMR (162 MHz, CDCl3): d = �28.3 (d, J(P,P) =


16 Hz, J(P,Pt) = 3237 Hz), �24.3 (d, J(P,P) = 16 Hz, J(P,Pt) = 3752 Hz).


Crystal structure determination : Crystals of 5, 7, and 8 were mounted in
glass capillary tubes under argon. Intensities were collected for Lorentz
and polarization effects on a Rigaku AFC-5R or AFC-7R automated
four-cycle diffractometer with MoKa radiation (l = 0.71069 ä) and w�2
q scan method. An empirical absorption correction (y scan) was applied.
Calculations were carried out with the program package teXsan for Win-
dows. Atomic scattering factors were obtained from the literature.[25]


Table 2 summarizes the crystal data and results of the refinement.


CCDC-214718 (5), -214719 (7) and -214720 (8) contain the supplementa-
ry crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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New Chiral Ruthenium(ii) Catalysts Containing 2,6-Bis(4’-(R)-
phenyloxazolin-2’-yl)pyridine (Ph-pybox) Ligands for Highly
Enantioselective Transfer Hydrogenation of Ketones


DarÌo Cuervo, M. Pilar Gamasa, and Josÿ Gimeno*[a]


Dedicated to Professor Josÿ Vicente on the occasion of his 60th birthday


Introduction


The role of nitrogen-containing ligands in the catalytic activ-
ity of transition-metal complexes has become an important
feature in both homogeneous and heterogeneous catalysis.
Many new catalysts have incorporated N ligands as a choice
to compete with those containing phosphines.[1,2] It is well
established that the use of polydentate imino and amino li-
gands has provided a considerable improvement in catalyst


performance in the catalytic hydride transfer reduction of
ketones.[3] Among other catalytic asymmetric processes,[4]


asymmetric transfer hydrogenation[5] has emerged as a relia-
ble synthetic tool for chiral alcohols, which proves the high
efficiency and stereoselectivity of transition metal complexes
containing chiral nitrogen ligands. Monotosylated 1,2-dia-
mine ligands A and B have promoted outstanding conver-
sions and enantioselectivities, mostly using either rutheni-
um[6] or rhodium and iridium[7] complexes.


Although C2 chiral ligands have been widely used in a
series of catalytic processes because of their ability to gener-
ate high chiral inductions,[8] only a few ruthenium complexes
containing C2 polydentate N ligands have been reported in
transfer hydrogenations. As far as we know, only examples
bearing diaminoferrocenyl derivatives[6e,9] (C), bis(oxazo-
lines)[10] (D, E), aromatic substituted diimines[11] (F) and dia-
mines[12] (G) have been described.[13] In particular, only one
ruthenium complex, containing the tridentate N,N,N ligand
bis(oxazolinylmethyl)amine (D), has been reported (pre-
pared in situ from [RuCl2(PPh3)] and D).[10a] This fact


Abstract: Treatment of complex trans-
[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-


pybox}] [(R,R)-Ph-pybox = 2,6-bis{4’-
(R)-phenyloxazolin-2’-yl}pyridine] with
phosphines or phosphites in dichloro-
methane at 50 8C leads to the forma-
tion of novel ruthenium(ii)-pybox com-
plexes trans-[RuCl2(L){k3-N,N,N-(R,R)-
Ph-pybox}] [L = PPh3 (1a), PPh2Me
(2a), PPh2(C3H5) (3a), PPh2(C4H7)
(4a), PMe3 (5a), PiPr3 (6a), P(OMe)3


(7a) and P(OPh)3 (8a)]. Likewise, re-
action of trans-[RuCl2(h


2-C2H4){k
3-


N,N,N-(R,R)-Ph-pybox}] with PPh3 or
PiPr3 in refluxing methanol leads to the
complexes cis-[RuCl2(L)(k3-N,N,N-
(R,R)-Ph-pybox] [L = PPh3 (1b), PiPr3


(6b)]. No trans±cis isomerisation of


complexes 1a±8a has been observed.
Complexes 1a±8a, 1b, 6b together
with the analogous trans-[RuCl2{P(O-
Me)3}{k


3-N,N,N-(S,S)-iPr-pybox}] (10a)
and the previously reported trans- and
cis-[RuCl2(PPh3){k


3-N,N,N-(S,S)-iPr-
pybox}] (9a and 9b, respectively) are
active catalysts for the transfer hydro-
genation of acetophenone in 2-propa-
nol in the presence of NaOH (ketone/
cat/NaOH 500:1:6). cis-Ph-pybox deriv-
atives are the most active catalysts. In
particular, cis complexes 1b and 6b led


to almost quantitative conversions in
less than 5 min with a high enantiose-
lectivity (up to 95%). A variety of aro-
matic ketones have also been reduced
to the corresponding secondary alco-
hols with very high TOF and ee up to
94%. The overall catalytic perform-
ance seems to be a subtle combination
of the steric and/or electronic proper-
ties both the phosphines and the ke-
tones. A high TOF (27300 h�1) and ex-
cellent ee (94%) have been found for
the reduction of 3-bromoacetophenone
with catalyst 6b. Reductions of alkyl
ketones also proceed with high and
rapid conversions but low enantioselec-
tivities are achieved.


Keywords: asymmetric catalysis ¥
hydrogen transfer ¥ ketones ¥
N ligands ¥ ruthenium


[a] D. Cuervo, Dr. M. P. Gamasa, Prof. Dr. J. Gimeno
Departamento de QuÌmica Orgµnica e Inorgµnica
Instituto de QuÌmica Organometµlica ™Enrique Moles∫
(Unidad Asociada al C.S.I.C.)
Facultad de QuÌmica, Universidad de Oviedo
c/Juliµn ClaverÌa s/n
33071 Oviedo (Spain)
Fax: (+34)985103446
E-mail : jgh@sauron.quimica.uniovi.es


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2004, 10, 425 ± 432 DOI: 10.1002/chem.200305170 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 425


FULL PAPER







prompted us to study the catalytic activity of ruthenium(ii)
complexes with the ligands 2,6-bis(4’-R-oxazolin-2’-yl)pyri-
dine (R-pybox) (R = iPr, Ph) (H) which have shown re-
markable efficiency in catalytic organic transformations in-
volving asymmetric carbon±carbon bond formation, with
high enantioselectivity.[14]


In this work we describe the
stereoselective synthesis of
ruthenium(ii) phosphine or
phosphite complexes containing
the Ph-pybox ligand, namely
trans-[RuCl2(L)(k3-N,N,N-
(R,R)-Ph-pybox)] {L = PPh3


(1a), PPh2Me (2a), PPh2(C3H5)
(3a) (C3H5 = -CH2-CH=CH2),
PPh2(C4H7) (4a) (C4H7 =


-CH2-C(CH3)=CH2), PMe3 (5a),
PiPr3 (6a), P(OMe)3 (7a),
P(OPh)3 (8a)} and cis-
[RuCl2(L)(k3-N,N,N-(R,R)-Ph-
pybox)] {L = PPh3 (1b), PiPr3


(6b)}. These complexes are
found to be active catalysts in


asymmetric transfer hydrogenation of ketones, leading to
the formation of sec-alcohols with high conversions and
enantioselectivities, some of which are among those with the
highest ee values reported to date.


Results


Synthesis : Following the synthetic procedure we reported
previously for the preparation of iPr-pybox complexes cis-
and trans-[RuCl2(PPh3){k


3-N,N,N-(S,S)-iPr-pybox}] (9a and
9b), [(S,S)-iPr-pybox = 2,6-bis[4’-(S)-isopropyloxazolin-2’-
yl]pyridine],[15] the related Ph-pybox derivatives trans-
[RuCl2(L){k3-N,N,N-(R,R)-Ph-pybox}] (L = PPh3 (1a),
PPh2Me (2a), PPh2(C3H5) (3a), PPh2(C4H7) (4a), PMe3


(5a), PiPr3 (6a), P(OMe)3 (7a) and P(OPh)3 (8a)) have
been obtained (Scheme 1).


Thus, stereoselective substitution of the ethylene ligand in
trans-[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-pybox}][16] by


phosphines or phosphites affords, after 3±4 h of heating at
50 8C in dichloromethane in a sealed tube, complexes 1a±8a
which are isolated as air-stable purple (phosphines) or dark
pink (phosphites) solids (35±88% yield). Complexes 1a±8a,
which are soluble in chlorinated solvents and 2-propanol,
have been fully characterised by spectroscopic and analyti-
cal methods (see the Experimental Section for details). In
particular, the 31P{1H} NMR spectra show a singlet reso-
nance at d = 0.1±40.6 (1a±6a) and d = 123.4±146.0 (7a
and 8a). The stereochemistry is determined readily on the
basis of the 13C{1H} NMR spectra, which exhibit the expect-
ed resonances in accordance with a C2 symmetry showing
one singlet resonance both for the two methylene groups
and for the two CHPh groups in the oxazoline rings. These
data compare well with those from the known analogous
complex trans-[RuCl2(PPh3){k


3-N,N,N-(S,S)-iPr-pybox}].[15]


Similarly, cis isomers 1b and 6b are obtained stereoselec-
tively from trans-[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-


pybox}] by the reaction with PR3 (R = Ph, iPr) in refluxing
methanol (70±80% yield) (Scheme 1). The 31P{1H} NMR
spectra show a singlet resonance at d = 39.0 (1b) and d =


38.8 (6b). The 13C{1H} NMR spectra of 1b and 6b reveal
loss of the C2 symmetry, since two resonances appear for


Abstract in Spanish: El tratamiento del complejo trans-
[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-pybox}] [(R,R)-Ph-


pybox = 2,6-bis{4’-(R)-feniloxazolin-2’-il}piridina] con fosfi-
nas o fosfitos en diclorometano a 50 8C conduce a la forma-
ciÛn de los nuevos complejos RuII-pybox: trans-
[RuCl2(L){k3-N,N,N-(R,R)-Ph-pybox}] [L = PPh3 (1a),
PPh2Me (2a), PPh2(C3H5) (3a), PPh2(C4H7) (4a), PMe3


(5a), PiPr3 (6a), P(OMe)3 (7a) y P(OPh)3 (8a)]. Asimismo,
la reacciÛn de trans-[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-


pybox}] con PPh3 o PiPr3 en metanol a 65 8C genera los
complejos cis-[RuCl2(L)(k3-N,N,N-(R,R)-Ph-pybox] [L =


PPh3 (1b), PiPr3 (6b)]. No se ha observado isomerizaciÛn
trans±cis de los derivados 1a±8a. Los complejos 1a±8a, 1b,
6b junto con los anµlogos trans-[RuCl2{P(OMe)3}{k


3-N,N,N-
(S,S)-iPr-pybox}] (10a) y los previamente descritos trans- y
cis-[RuCl2(PPh3){k


3-N,N,N-(S,S)-iPr-pybox}] (9a y 9b, res-
pectivamente) son catalizadores activos para la reacciÛn de
transferencia de hidrÛgeno de acetofenona en 2-propanol en
presencia de NaOH (cetona/cat/NaOH = 500:1:6). Los de-
rivados cis-Ph-pybox son los catalizadores mµs activos. En
concreto, los complejos cis 1b y 6b conducen a conversiones
casi cuantitativas en menos de 5 min con alta enantioselecti-
vidad (hasta 95%). Otras cetonas aromµticas experimentan
tambiÿn reducciÛn a los correspondientes alcoholes secun-
darios obteniÿndose TOF muy altos y ee hasta 94%. Una
sutil combinaciÛn de las propiedades estÿricas y/o electrÛni-
cas tanto de las fosfinas utilizadas como de las cetonas de-
terminan los mejores resultados. La reducciÛn de 3-bromoa-
cetofenona por el catalizador 6b transcurre con un alto
TOF (27300 h�1) y excelente ee (94%). Se han reducido
tambiÿn alquil cetonas encontrµndose altas y rµpidas conver-
siones aunque con baja enantioselectividad.
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each of the nonequivalent carbon nuclei of CHPh and CH2


groups of the oxazoline rings (see the Experimental Section
for further details). These data can be compared with those
for cis-[RuCl2(PPh3){k


3-N,N,N-(S,S)-iPr-pybox}], for which
the structure has been confirmed by X-ray crystallogra-
phy.[15] All attempts to isolate other cis-Ph-pybox complexes
have failed, leading instead either to the corresponding trans
isomers (L = PMe3, P(OMe)3) or to an uncharacterised
mixture of products (L = PPh2Me, PPh2(C3H5), P(OPh)3).


No trans±cis isomerisation of complexes 1a±8a has been
observed. This is in sharp contrast with the behaviour of the
known analogous iPr-pybox complex trans-[RuCl2(PPh3){k


3-
N,N,N-(S,S)-iPr-pybox}] (9a), which isomerises rapidly in
methanol at room temperature to generate the thermody-
namically stable cis isomer 9b.[15] Apparently, the steric in-
teractions between the phosphines and the oxazoline sub-
stituents (phenyl vs isopropyl groups) govern the cis or trans
preference. This is confirmed by the observed stability of
the unsubstituted pybox complex trans-[RuCl2(PPh3)(k


3-
N,N,N-pybox)], which remains unchanged when heated in
methanol for several hours.[15]


Catalytic transfer hydrogenation of ketones : Ruthenium(ii)
complexes have been widely applied as efficient catalysts in
hydrogen transfer reactions between alcohols and ketones,
so we have checked the catalytic activity of the complexes
reported herein. Moreover, it was expected that the asym-
metric induction of pybox ligands, in which the chiral cen-
tres on the oxazoline rings are located close to the metal,
might lead to good enantioselectivities. In a typical experi-
ment the ruthenium catalyst precursor (0.2 mol%) and
NaOH were added to a solution of the ketone in iPrOH at
82 8C, the reactions being monitored by gas chromatography.
Phenyl or isopropyl substituents in oxazoline rings of pybox
ligands have been shown to be crucial in the catalytic enan-
tioselectivities of ruthenium catalysts.[17] Therefore, we first
explored, for comparative purposes, the catalytic activities
of both trans- and cis-(R,R)-Ph-pybox with those of the cor-
responding (S,S)-iPr-pybox derivatives 9a and 9b and the
analogous trans-[RuCl2{P(OMe)3}{k


3-N,N,N-(S,S)-iPr-
pybox}] (10a).[18]


Table 1 summarises the conversion of acetophenone in 1-
phenylethanol with Ph-pybox (1a, 1b and 7a) and iPr-pybox


complexes (9a, 9b and 10a) as
catalysts. The most remarkable
features are:


1) Although the iPr-pybox
complexes are active cata-
lysts, Ph-pybox derivatives
show much better efficiency
and enantioselectivity (en-
tries 1 vs 4, 2 vs 5 and 3 vs
6). All major secondary al-
cohols had the S configura-
tion, except for complex
10a.


2) Very rapid conversions (almost quantitative in 5 min)
are achieved at 82 8C with complexes cis-
[RuCl2(PPh3)(k


3-N,N,N-(R,R)-Ph-pybox)] (1b) and
trans-[RuCl2{P(OMe)3}(k


3-N,N,N-(R,R)-Ph-pybox)] (7a)
(entries 2 and 3). The reactions become notably slower
as the temperature decreases, with no enhancement of
the enantioselectivity.


3) The efficiency and enantioselectivity of the catalyst seem
to depend not only on the phosphine (L = PPh3 (1a) vs
L = P(OMe)3 (7a); entry 1 vs 3) but also on the stereo-
isomer (entry 1 vs 2), cis-1b (L = PPh3) giving rise to
better conversion and ee value than the corresponding
trans-1a (96% in 5 min vs 90% in 60 min; 92% vs 80%
ee).


On the basis of these results, we next examined the optimi-
sation of the reaction conditions using the Ph-pybox com-
plexes as catalysts (Table 2). As a general feature, a strong
dependence is observed on the NaOH/catalyst molar ratio,
which should be not lower than approximately 6:1. Other-
wise, the reaction becomes slower and less enantioselective
(entry 1 vs 2, 3, 4).[19] On the other hand, when a higher
molar ratio is used (up to approximately 24:1) a slightly


Table 1. Catalytic activity for transfer hydrogenation of acetophenone
catalysed by RuII complexes containing either Ph-pybox or iPr-pybox.[a]


Catalyst t [min] Conversion [%][b] ee [%][b]


Ph-pybox complexes
1 1a 30 (60) 78 (90) 82 (80)
2 1b 5 96 92
3 7a 5 96 61


iPr-pybox complexes
4 9a 30 (120) 36 (56) 16 (16)
5 9b 30 (120) 29 (50) 5 (2)
6 10a 30 97 17


[a] Reactions were carried out at 82 8C using a 0.1m acetophenone solu-
tion in 50 mL of 2-propanol (ketone/catalyst/NaOH 500:1:24). [b] Deter-
mined by GC analysis with a Supelco b-DEX 120 chiral capillary column.
All the major secondary alcohols had the S configuration except for
entry 6. Absolute configuration was determined by comparing optical ro-
tations with literature values.


Scheme 1. Synthesis of the complexes 1a±8a, 1b and 6b.
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lower enantioselectivity (entry 6 vs 7; 8 vs 9) and/or a slower
reactivity (entry 2 vs 5) are found. Intermediate molar ratios
(for example, 10:1) were tested; a value of 6:1 gave the best
performance, apparently indicating that a compromise
should be reached in the amount of the stoichiometric
excess of base. In a more concentrated solution (1m vs 0.1m
ketone; entry 11), high losses of both the activity (64% vs
97% in 3 min) and enantioselectivity (54% vs 91%) occur-
red, along with a rapid erosion of the ee value over time.[20]


Preliminary experiments proved the influence of the coor-
dinated phosphine in the activity of the catalyst (Table 1).
To evaluate the influence of the electronic and/or steric
properties of the phosphines we examined the catalytic ac-
tivity of all cis and trans (R,R)-
Ph-pybox complexes (1b, 6b
and 1a±8a, respectively) for the
reduction of acetophenone
under the optimised reaction
conditions (Table 3). Except for
complex 8a (L = P(OPh)3,
entry 10), the reactions were
almost complete in a short time
(3±30 min), demonstrating that
the performances of the cis iso-
mers 1b and 6b, with excellent
enantioselectivities, were better
than those of the corresponding
trans isomers (entries 1 and 2).
When cis isomers are used the
conversion seems to be favoured
for 6b (L = PiPr3) over 1b (L
= PPh3), (97% in 3 min vs 95%
in 5 min) whilst there is a slight
decrease in the enantioselectivi-
ty (91% vs 95% ee) (entry 1 vs
2). For the trans isomers 1a±8a,
the steric properties of the phos-
phines seem to have the domi-
nant influence on the efficiency


and enantioselectivity; complex 6a containing the bulkier
phosphine PiPr3 had the best performance (TOF =


5760 h�1; ee 90%) (entry 8). This is in contrast to the trend
found in phosphite complexes, for which the bulkier ligand
P(OPh)3 is almost inactive (8a (L = P(OPh)3, TOF =


360 h�1, ee 5%) vs 7a (L = P(OMe)3, TOF = 5820 h�1, ee
63%) (entry 10 vs 9).


Various aryl-substituted ketones have also been reduced
to the corresponding sec alcohols. Table 4 (entries 1±10)
shows the best results in terms of TOF and ee values for
each substrate (additional tables collecting complete data,
including catalysts 1a, 1b, 3a, 6a, 6b and 7a, are available
as Supporting Information).[21] Confirming the catalytic ac-
tivity observed for the reduction of acetophenone, complex
6b also shows the best activities and enantioselectivities for
most of the substrates (TOF and ee values in the range
2820±27300 h�1 and 86±94%, respectively) (entries 3, 5, 7, 8


Table 3. Transfer hydrogenation of acetophenone catalysed by Ph-pybox
complexes under optimised conditions.[a]


Catalyst t [min] TOF [h�1][b] Conversion [%] ee [%]


1 1b 5 5700 95 95
2 6b 3 9700 97 91
3 1a 30 3480 95 90
4 2a 30 3840 97 94
5[c] 3a 30 2760 94 93
6[c] 4a 15 4320 95 90
7 5a 30 2580 98 6
8 6a 5 5760 96 90
9 7a 5 5820 97 63


10 8a 60 360 25 5


[a] Reactions were carried out at 82 8C with a 0.1m acetophenone solu-
tion in 50 mL of 2-propanol (ketone/cat/NaOH = 500:1:6). All the major
secondary alcohols had the S configuration. [b] TOF at t = 5 min, except
for entry 2 (TOF at t = 3 min). [c] Base was added 10 min before ketone.


Table 4. Transfer hydrogenation of ketones catalysed by Ph-pybox complexes under optimised conditions.[a]


Ketone Catalyst t [min] Conversion [%] TOF [h�1][b] ee [%] Configuration


1 R = Me[c] 1b 5 95 5700 95 S
2 R = Me[c] 6b 3 97 9700[d] 91 S
3 R = Et 6b 5 97 5820 92 S


4 X = MeO 7a 15 99 3490 76 S
5 X = Br 6b 1(60) 32(65) 2820 86(80) S


6[e] X = MeO 3a 15 97 4320 91 S
7 X = Br 6b 1(3) 91(>99) 27300[f] 94(93) S


8 X = MeO 6b 5 83 4980 89 S
9[e] X = Br 3a 120 97 600 70 S


10 6b 5 97 5820 92 S


11 R = Et 6b 10 >99 5700 11 R
12 R = Et 7a 10 >99 5820 11 S
13 R = iPr 7a 10 99 4440 31 S


[a] Reactions were carried out at 82 8C using a 0.1m ketone solution in 50 mL of 2-propanol (ketone/catalyst/
NaOH 500:1:24). [b] TOF at t = 5 min. [c] Ketone/catalyst/NaOH 500:1:6. [d] TOF at t = 3 min. [e] Base was
added 10 min before ketone. [f] TOF at t = 1 min.


Table 2. Optimisation of reaction conditions for transfer hydrogenation
of acetophenone catalysed by RuII complexes containing Ph-pybox.[a]


Catalyst Base [equiv][b] t [min] Conversion [%] ee [%]


1[c] 3a 6:1 15 95 92
2 3a 5:1 15 96 87
3[c] 3a 5:1 30 96 90
4 3a 4:1 180 63 81
5 3a 24:1 30 97 84
6 1b 6:1 5 95 95
7 1b 24:1 5 96 92
8 7a 6:1 5 97 63
9 7a 24:1 5 96 61


10 6b 6:1 3 97 91
11[d] 6b 6:1 3(15) 64(95) 54(25)
12[e] 6b 6:1 3(15) 79(97) 86(75)


[a] Reactions were carried out at 82 8C using a 0.1m acetophenone solu-
tion with 0.2 mol% catalyst in 50 mL of 2-propanol, except for entry 11.
All the major secondary alcohols had the S configuration. [b] Equivalents
of NaOH to catalyst. [c] Base was added 10 min before ketone. [d] A 1m
acetophenone solution in 5 mL of 2-propanol with 0.2 mol% catalyst was
used. [e] Reaction in the presence of 2 equiv of PiPr3.
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and 10). However, trans isomers are the most active for the
reduction of 2-methoxyacetophenone (7a ; entry 4), 3-me-
thoxyacetophenone (3a ; entry 6) and 4-bromoacetophenone
(3a ; entry 9) (TOF and ee values in the range 600±4320 h�1


and 70±91%, respectively).
Alkyl ketones are also reduced rapidly and quantitatively


in approximately 10 min (entries 11, 12 and 13), but low
enantioselectivities are achieved.


Discussion


We report here a series of six-coordinate cis- and trans-di-
chlororuthenium(ii) complexes containing the chiral terden-
tate ligands 2,6-bis(4’-R-oxazolin-2’-yl)pyridine (R = Ph,
iPr). Starting from the readily accessible precursor trans-
[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-pybox}], complexes


trans-1a±8a, cis-1b and 6b, along with the previously re-
ported trans- and cis-[RuCl2(PPh3){k


3-N,N,N-(S,S)-iPr-
pybox}][15] (9a and 9b, respectively) and the analogous
(S,S)-iPr-pybox complex trans-[RuCl2{P(OMe)3}{k


3-N,N,N-
(S,S)-iPr-pybox}],[18] (10a) are prepared stereoselectively in
good yield. These derivatives belong to the series of chloride
ruthenium(ii) complexes which fulfil the requirement to be
precursors of active species in the catalytic hydrogenation of
ketones by hydrogen transfer from iPrOH/base. It is well es-
tablished that the hydrogen transfer occurs through the for-
mation of ruthenium hydride intermediates and that the
role of the base is the generation of the hydride species
from the chloride derivatives.[22] An active 16-electron spe-
cies is also required mechanistically, to provide the vacant
site that enables attachment of the ketone (hydridic
route).[22] We have not performed a mechanistic study, but
the basic solution used in the catalytic processes most prob-
ably leads to the formation of the hydride intermediate re-
quired: that is, extraction of one chloride ligand and genera-
tion of the metal±hydride bond (by b-elimination of isoprop-
oxide), in addition to ketone coordination through dissocia-
tion of the other chloride ligand. Figure 1 shows the putative
four-membered cyclic transition state which should govern
the coordination of the ketone (A or B) and the kinetically
controlled formation of the major diastereoisomer responsi-
ble for the enantioselectivity.


This proposal is consistent
with:


1) the observed loss in the cat-
alytic activity (from 97 to
79%) and the fast erosion
of the ee value (from 91 to
86 and 75% after 15 min) in
the presence of free phos-
phine (Table 2; entry 10 vs
12), which indicates un-
equivocally the interference
of the phosphine with the
ketone by occupying the
vacant site;[23]


2) the higher activity of the cis than the trans precursors
from which the active species (A) are directly accessible;


3) the absolute configurations of the sec-alcohols (S) result-
ing from the selective enantiofacial binding ability of the
metal fragment which enables the approach of the aryl
ketones to the coordination site through the less hin-
dered enantioface. This leads to an optimisation of the
chiral pocket by reducing the steric interactions between
the aryl groups of the oxazoline ring and the ketones.


It is apparent that the cis complexes 1b (L = PPh3) and
6b (L = PiPr3) also containing the bulkier phosphines show
the best performances in the reductions of acetophenone
(Table 3), for which the highest activity and enantioselectivi-
ty are achieved. However, as shown in Table 4 for substitut-
ed aryl ketones, the overall catalytic performance seems to
be the result of a subtle combination of the steric and/or
electronic properties of both the phosphines and the ke-
tones. Although conversion and ee values are affected in
each catalyst by the substituent and its position with respect
to the ketone group, a general trend in terms of steric and/
or electronic effects cannot be deduced.


Table 5 shows the influence of the substituent and its posi-
tion in the aryl group on the catalytic activity of complex
6b. Whereas 2- and 4-bromoacetophenone are reduced with
moderate conversions and/or ee values (entries 2 and 6), ex-
cellent values are achieved for 3-bromoacetophenone
(entry 4). No equivalent influence on conversion and ee is


Figure 1. Transition structures of asymmetric transfer hydrogenation of
aromatic ketones.


Table 5. Transfer hydrogenation of aryl-substituted ketones catalysed by complex 6b under optimised condi-
tions.[a]


Ketone t [min] Conversion [%] TOF [h�1][b] ee [%]


1 X = MeO 120 94 2100 47
2 X = Br 60 65 2820 80


3 X = MeO 5 97 5820 82
4 X = Br 1(3) 91 (>99) 27300[b] 94 (93)


5 X = MeO 5 83 4980 89
6 X = Br 60 69 1260 54


[a] Reactions were carried out at 82 8C using a 0.1m ketone solution in 50 mL of 2-propanol (ketone/catalyst/
NaOH = 500:1:24). All the major secondary alcohol products had the S-configuration. [b] TOF at t = 5 min.
[c] TOF at t = 1 min.


Chem. Eur. J. 2004, 10, 425 ± 432 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 429


Chiral Ruthenium(ii) Catalysts 425 ± 432



www.chemeurj.org





found for derivatives containing the electron-releasing me-
thoxy group. Thus, the highest conversion is again found for
the 3-substituted ketone (entry 3), but a better ee is ach-
ieved for the 4-substituted one (entry 5). The 2-methoxy
ketone (entry 1) produces a moderate performance. There-
fore, the optimisation of the chiral pocket apparently re-
quires an appropriate phosphine with specific steric and
electronic properties for each substrate.


Nevertheless, as far as we know, cis complexes 1b and 6b
are among the best catalysts reported to date for asymmet-
ric transfer hydrogenation of ketones, with efficiencies and
selectivities comparable to those of the Noyori catalysts.[6]


The highest TOF (27300 h�1) and excellent ee (94%) found
for the reduction of 3-bromoacetophenone by catalyst 6b
are noteworthy. Although reductions with highly efficient
asymmetric ruthenium(ii) catalysts containing the chiral
ligand [(4S)-2-(Sp)-2-diphenylphosphinoferrocenyl]-4-isopro-
pyloxazoline have also been described, they proceed with a
slower rate and in addition a larger quantity of catalyst is re-
quired (0.5 mol%).[24]


Conclusion


This work reports a new type of highly efficient catalysts for
transfer hydrogenation of aryl ketones. The presence of the
phenyl substituent in the oxazoline ring of the tridentate
chiral ligand pybox is important for attainment of high cata-
lytic activity and enantioselectivity, which indeed are among
the best reported to date for the asymmetric reduction of
ketones. Providing that the pybox chiral ligands are com-
mercially available[25] and the ruthenium(ii) complexes are
air-stable and exhibit good thermal stability, wide practical
utility in transfer hydrogenation of ketones may be predict-
ed.


Experimental Section


General : The manipulations were performed under an atmosphere of dry
nitrogen using vacuum-line and standard Schlenk techniques. All re-
agents were obtained from commercial suppliers and used without fur-
ther purification. Solvents were dried by standard methods and distilled
under nitrogen before use. [RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-pybox}]


and PPh2(C3H5) were prepared by the methods reported in the literature.
Infrared spectra were recorded on a Perkin-Elmer 1720-XFT spectrome-
ter. The conductivities were measured at room temperature, in acetone
(ca. 10�4


m) solutions, with a Jenway PCM3 conductimeter. The C, H and
N analyses were carried out with a Perkin-Elmer 240-B microanalyser.
NMR spectra were recorded on a Bruker DPX-300 instrument at
300 MHz (1H), 121.5 MHz (31P) or 75.4 MHz (13C) using SiMe4 or 85%
H3PO4 as standards. DEPT experiments have been carried out for all the
complexes.


Synthesis of trans complexes 1a, 4a, 6a and 8a : A solution of trans-
[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-pybox}] (0.150 g, 0.263 mmol) and an


excess of the phosphine or phosphite (1.315 mmol) in dichloromethane
(15 mL) was heated at 50 8C in a sealed tube for 4 h. The solvent was
then concentrated to about 3 mL and the residue transferred to a silica
gel chromatography column. Elution with a mixture of dichloromethane/
methanol (50:1) gave a purple band (for 1a, 4a and 6a) or a dark pink
band (for 8a) from which the corresponding complex was isolated by sol-
vent removal.


Complex 1a : Yield 53% (0.075 g); elemental analysis (%): calcd for
C41H34Cl2N3O2PRu¥0.5CH2Cl2: C 58.91, H 4.17, N 4.97; found: C 59.27, H
4.34, N 5.35; 31P{1H} NMR (CDCl3): d = 40.56 (s); 1H NMR (CDCl3):
d = 4.43 and 4.74 (m, 2H each, CH2), 4.89 (t, 2H, J(H,H) = 8.4 Hz,
CHPh), 6.72±7.42 (m, 25H, Ph), 7.92 (s, 3H, C5H3N); 13C{1H} NMR
(CDCl3): d = 69.85 (s, CHPh), 80.39 (s, CH2), 124.12, 127.54, 128.32±
128.91, 134.54, 134.67, 139.50 (s, Ph, and CH of C5H3N), 137.14 (d, J(C,P)
= 37.6 Hz, iPPh3), 149.56 (s, C2,6 of C5H3N), 168.24 (s, C=N).


Complex 4a : Yield 73% (0.100 g); elemental analysis (%): calcd for
C39H36Cl2N3O2PRu: C 59.93, H 4.64, N 5.38; found: C 59.11, H 4.14, N
5.19; 31P{1H} NMR (CDCl3): d = 38.16 (s); 1H NMR (CDCl3): d = 0.82
(s, 3H, Me), 2.06 and 2.82 (m, 1H each, PCH2), 3.88 and 4.11 (s, 1H
each, C(Me)=CH2), 4.36 (m, 2H, CHPh), 4.81±4.93 (m, 4H, OCH2),
6.56±7.30 (m, 20H, Ph), 7.75 (m, 3H, C5H3N); 13C{1H} NMR (CDCl3): d
= 24.60 (s, Me), 35.55 (d, J(C,P) = 17.3 Hz, PCH2), 69.38 (s, CHPh),
78.91 (s, OCH2), 114.09 (d, 3J(C,P) = 6.2 Hz, C(Me)=CH


2
), 123.55,


126.51±140.54 (s, Ph, C(Me)=CH2, and CH of C5H3N), 148.70 (s, C2,6 of
C5H3N), 167.20 (s, C=N).


Complex 6a : Yield 80% (0.148 g); elemental analysis (%): calcd for
C32H40Cl2N3O2PRu: C 54.78, H 5.75, N 5.99; found: C 53.97, H 5.46, N
5.83; 31P{1H} NMR (CDCl3): d = 34.14 (s); 1H NMR (CDCl3): d = 0.74
(br, 7H) and 1.20 (br, 11H) (Me), 2.19 (br, 3H, CHMe2), 4.51 (m, 2H,
CHPh), 5.00±5.18 (m, 4H, CH2), 7.14±7.33 (m, 10H, Ph), 7.87 (s, 3H,
C5H3N); 13C{1H} NMR (CDCl3): d = 16.55 and 18.58 (br, Me), 27.65 (br,
CHMe2), 69.83 (s, CHPh), 78.65 (s, CH2), 124.26, 126.90, 127.65, 128.01,
128.61, 128.76 and 132.54 (s, Ph, and CH of C5H3N), 139.31 (s, Cipso of
Ph), 149.03 (s, C2,6 of C5H3N), 168.32 (s, C=N).


Complex 8a : Yield 35% (0.078 g); elemental analysis (%): calcd for
C41H34Cl2N3O5PRu: C 57.82, H 4.02, N 4.93; found: C 57.39, H 4.43, N
4.99; 31P{1H} NMR (CDCl3): d = 123.41 (s); 1H NMR (CDCl3): d = 4.47
(t, J(H,H) = 7.4 Hz, 2H, CHPh), 5.07 and 5.18 (m, 2H each, CH2), 6.58±
7.11 (m, 25H, Ph), 7.92 (d, 2H, J(H,H) = 6.5 Hz, H3,5 of C5H3N), 8.02 (t,
1H, J(H,H) = 7.1 Hz, H4 of C5H3N); 13C{1H} NMR (CDCl3): d = 70.10
(s, CHPh), 79.33 (s, CH2), 121.40, 121.45, 123.05, 123.60, 127.10, 127.44,
128.30, 128.36, 136.83 and 138.98 (s, Ph, and CH of C5H3N), 147.92 (s,
C2,6 of C5H3N), 152.39 (d, 2J(C,P) = 14.6 Hz, Cipso of Ph of P(OPh)3),
166.26 (s, C=N).


Synthesis of trans complexes 2a, 3a, 5a and 7a : A solution of trans-
[RuCl2(h


2-C2H4){k
3-N,N,N-(R,R)-Ph-pybox}] (0.150 g, 0.263 mmol) and a


small excess of phosphine or phosphite (0.316 mmol) in dichloromethane
(15 mL) was heated at 50 8C in a sealed tube for 4 h. The residue was
then concentrated to ca. 3 mL and a mixture (50 mL) of pentane/diethyl
ether (2:1) was added, yielding a purple (for 2a, 3a and 5a) or a dark
pink solid (for 7a) which was washed with pentane (3î30 mL) and
vacuum-dried.


Complex 2a : Yield 73% (0.142 g); elemental analysis (%): calcd for
C36H32Cl2N3O2PRu: C 58.30, H 4.35, N 5.67; found: C 58.09, H 4.22, N
5.62; 31P{1H} NMR (CDCl3): d = 17.46 (s); 1H NMR (CDCl3): d = 1.36
(d, 3H, 2J(H,P) = 5.6 Hz, Me), 4.45 (m, 2H), 4.72 (m, 2H) and 4.98 (m,
2H) (CH2 and CHPh), 6.74±7.43 (m, 20H, Ph), 7.90 (s, 3H, C5H3N);
13C{1H} NMR (CDCl3): d = 14.45 (d, J(C,P) = 28.0 Hz, Me), 69.14 (s,
CHPh), 79.39 (s, CH2), 123.41, 126.80±133.37 and 138.68 (s, Ph, and CH
of C5H3N), 135.99 (d, J(C,P) = 36.7 Hz, Cipso of Ph of PPh2Me), 141.39
(d, J(C,P) = 33.2 Hz, Cipso of Ph of PPh2Me), 148.87 (s, C2,6 of C5H3N),
167.33 (s, C=N).


Complex 3a : Yield 88% (0.179 g); elemental analysis (%): calcd for
C38H34Cl2N3O2PRu: C 59.46, H 4.46, N 5.47; found: C 58.54, H 4.94, N
5.55; 31P{1H} NMR (CDCl3): d = 33.93 (s); 1H NMR (CDCl3): d = 1.93
and 2.97 (m, 1H each, PCH2), 4.27±4.43 (m, 4H) and 4.81±4.95 (m, 4H)
(OCH2, CHPh and CH=CH2), 6.63 (m, 1H, CH=CH2), 6.84 (m, 3H),
6.98±7.25 (m, 17H), 7.72 (m, 1H) and 7.87 (m, 2H) (Ph and C5H3N);
13C{1H} NMR (CDCl3): d = 33.06 (d, J(C,P) = 21.0 Hz, PCH2), 69.30 (s,
CHPh), 78.91 (s, OCH2), 116.74 (d, 3J(C,P) = 7.6 Hz, CH=CH2), 123.53,
126.74±129.00, 132.56, 133.39, 133.50, 133.60, 136.84 and 138.80 (s, Ph,
CH=CH2, and CH of C5H3N), 148.69 (s, C2,6 of C5H3N), 167.21 (s, C=N).


Complex 5a : Yield 65% (0.105 g); elemental analysis (%): calcd for
C26H28Cl2N3O2PRu: C 50.57, H 4.57, N 6.81; found: C 49.61, H 4.88, N
6.65; 31P{1H} NMR (CDCl3): d = 0.08 (s); 1H NMR (CDCl3): d = 1.02
(d, 2J(H,P) = 8.6 Hz, Me), 4.52 (m, 2H) and 5.16 (m, 4H) (CH2 and
CHPh), 7.24±7.34 (m, 10H, Ph), 7.92 (m, 3H, C5H3N); 13C{1H} NMR
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(CDCl3): d = 16.89 (d, J(C,P) = 25.7 Hz, Me), 69.90 (s, CHPh), 78.69 (s,
CH2), 123.46 (s, C3,5 of C5H3N), 127.33, 128.04, 128.65 (s, Ph), 132.01 (s,
C4 of C5H3N), 139.26 (s, Cipso of Ph), 148.21 (s, C2,6 of C5H3N), 167.47 (s,
C=N).


Complex 7a : Yield 72% (0.085 g); elemental analysis (%): calcd for
C26H28Cl2N3O5PRu: C 46.93, H 4.24, N 6.31; found: C 46.91, H 4.40, N
6.12; 31P{1H} NMR (CDCl3): d = 146.05 (s); 1H NMR (CDCl3): d = 3.12
(d, 9H, 3J(H,P) = 10.2 Hz, Me), 4.55 (m, 2H, CHPh), 5.17 (m, 4H,
CH2), 7.25±7.31 (m, 10H, Ph), 7.90 (m, 3H, C5H3N); 13C{1H} NMR
(CDCl3): d = 51.39 (d, 2J(C,P) = 5.6 Hz, Me), 70.39 (s, CHPh), 79.24 (s,
CH2), 123.08 (s, C3,5 of C5H3N), 127.42, 127.74, 128.39 (s, CH of Ph),
135.83 (s, C4 of C5H3N), 139.45 (s, Cipso of Ph), 148.17 (s, C2,6 of C5H3N),
166.32 (s, C=N).


Synthesis of cis complexes 1b and 6b : A solution of trans-[RuCl2(h
2-


C2H4){k
3-N,N,N-(R,R)-Ph-pybox}] (0.150 g, 0.263 mmol) and an excess of


phosphine (0.789 mmol) in methanol (15 mL) was heated at 65 8C for 5 h.
The solvent was then concentrated to ca. 3 mL and the residue transfer-
red to a silica gel chromatography column. Elution with a mixture of di-
chloromethane/methanol (50:1) gave a red band from which the corre-
sponding complex was isolated by solvent removal.


Complex 1b : Yield 70% (0.295 g); elemental analysis (%): calcd for
C41H34Cl2N3O5PRu¥0.5CH2Cl2: C 58.91, H 4.17, N 4.97; found: C 59.27, H
4.34, N 5.35; 31P{1H} NMR (CDCl3): d = 39.03 (s); 1H NMR (CDCl3): d
= 4.30±4.63 (m, 4H, CH2), 5.03 and 5.50 (m, 1H each, CHPh), 6.91±7.64
(m, 28H, Ph and C5H3N); 13C{1H} NMR (CDCl3): d = 67.90, 68.30,
78.18, 81.13 (s, CH2 and CHPh), 124.44, 124.54, 127.62±128.91, 130.88,
131.92, 132.06, 132.35, 132.48, 133.03, 136.62, 139.04 (s, Ph, and CH of
C5H3N), 151.79, 152.15 (s, C2,6 of C5H3N), 167.70, 169.44 (s, C=N).


Complex 6b : Yield 81% (0.148 g); elemental analysis (%): calcd for
C41H34Cl2N3O5PRu¥0.5CH2Cl2: C 52.46, H 5.55, N 5.65; found: C 53.12,
H 5.89, N 5.74; 31P{1H} NMR (CDCl3): d = 38.83 (s); 1H NMR (CDCl3):
d = 0.69±0.76 (br, 6H) and 1.06±1.40 (br, 12H) (Me), 1.90 (m, 1H) and
2.12 (m, 2H) (CHMe2), 4.48 (m, 1H), 4.97 (m, 1H), 5.19 (m, 3H) and
5.42 (m, 1H) (CH2 and CHPh), 7.22±7.29 (m, 7H) and 7.56±7.70 (m, 6H)
(Ph and C5H3N); 13C{1H} NMR (CDCl3): d = 19.04 and 20.17 (s, Me),
28.30 (d, J(C,P) = 19.7 Hz, PCH), 67.49 and 69.75 (s, CHPh), 78.46 and
79.63 (s, CH2), 124.90 and 125.11 (s, C3,5 of C5H3N), 128.03±129.63 (s, Ph,
and C4 of C5H3N), 137.18 and 139.11 (s, Cipso of Ph), 154.51 and 155.28 (s,
C2,6 of C5H3N), 168.65 and 169.37 (s, C=N).


General procedure for hydrogen transfer reactions : The ketone (5 mmol)
and the catalyst (0.01 mmol) were placed in a three-bottomed Schlenck
flask under a dry nitrogen atmosphere and 2-propanol (50 mL) was
added. The solution was heated at 82 8C and the corresponding amount
of base from a 0.080m solution in 2-propanol was added after 15 min
(unless otherwise specified). The reaction was monitored by gas chroma-
tography. The corresponding alcohol and acetone were the only products
detected in all cases.
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Synthesis of Scroll-Type Composite Microtubes of Mo2C/MoCO by
Controlled Pyrolysis of Mo(CO)6


Xiao-Lin Li and Ya-Dong Li*[a]


Introduction


One-dimensional (1D) tubular structures have attracted ex-
tensive interest over the past decade, because these fascinat-
ing systems are expected to have remarkable properties, and
a wide range of potential applications.[1±2] Since the discov-
ery of carbon nanotubes,[3] many techniques have been de-
veloped, and numerous tubular structures based on layered
or nonlayered compounds, such as BN, NiCl2, metal dichal-
cogenides (i.e., MoS2, WS2, NbS2, TaS2, TiS2, ZrS2, HfS2,
ReS2), metal oxides (i.e., titanate, lanthanide hydroxide,
VOx, Ga2O3, K4Nb6O17, Mg3B2O6, Al18B4O33), and Bi have
been prepared.[4±16]


In contrast to the numerous literature published on the
preparation of nano- or microtubules, only a few studies
have been focused on the formation mechanism. On the
basis of bending graphite sheets under high temperature or
electron beam irradiation[17] and rolling phenomena (used
for the synthesis of many nanotubes),[18±25] curving followed
by seaming of molecular layers has been proposed to be re-
sponsible for the tube-formation process. In the synthesis of
Bi, WS2, MoS2 nanotubes and W nanowires, we have found
that 1D nanostructures can be obtained through the rolling
of either a natural or an artificial lamellar structure.[16,19±21]


Remskar and co-workers obtained direct evidence for the


derivation of tubules from the bending of platelets.[22] Mal-
louk and Domen also provided clear evidence for the chem-
ical transformation of lamellar oxides into tubular struc-
tures, and interpreted the layering of structures as a rolling
process.[14,23] Recently, the rolling mechanism is further de-
veloped and some new tubular structures have been synthe-
sized. Yada et al. reported the formation of tubular struc-
tures through the folding of flexible aluminium-based
layers.[24] Kaner et al. reported the synthesis of carbon nano-
scrolls by a chemical route.[25] A particularly important
breakthrough in the rolling mechanism was the synthesis of
SiGe nanotubes through the rolling of the pre-synthesized
thin layers.[26]


The success of the rolling mechanism, and especially the
synthesis of SiGe nanotubes, motivated us to probe the pos-
sibility of developing a method for the synthesis of tubular
structures through the rolling of thin solid films. Our atten-
tion was drawn to thin films of molybdenum oxycarbides,
which are easily obtained by the chemical vapor deposition
method.


Molybdenum carbides and oxycarbides have received con-
siderable interest due to their intrinsic mechanical proper-
ties, and potential applications in ceramic science and catal-
ysis.[27±31] With a small particle size, carbide materials prom-
ise to allow the consolidation of fully dense solids with ex-
cellent fracture resistance for use as cutting tools, wear re-
sistant parts, and high stress and temperature structural
components.[27±28] As catalysts, molybdenum carbides and
oxycarbides promise to be an inexpensive alternative to the
noble metals with possibly even superior properties due to
their ability to withstand high temperatures and resistance
to poisoning.[29±30] Moreover, carbides with a microscopic
hollow tubular structure have been developed as potential
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Abstract: Composite microtubes of Mo2C/MoCO have been synthesized for the
first time under well-controlled conditions by thermal decomposition of Mo(CO)6


at about 600 8C. Here, thermal stability and phase transition of the products, as
well as the influence of reaction temperature and argon flow rate, have been care-
fully investigated. All samples were characterized by X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), and X-ray photoelectron spectrosco-
py (XPS). The reaction model and rolling mechanism were proposed on the basis
of the experimental facts.
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candidates for lightweight, thermal barrier, heat exchange
materials, micro-sensors, electron emitter, electromagnetic
absorbers, and so on.[31] .


Herein, we have developed a simple method for the syn-
thesis of scroll-type composite microtubes of Mo2C/MoCO
by controlled pyrolysis of Mo(CO)6. As-synthesized micro-
tubes have a diameter of about ten micrometers and a
length up to millimeters long. Stability and phase transition
of the products, as well as the influences of the reaction
temperature and argon flow rate were investigated. On the
basis of the experimental facts, the rolling mechanism was
further developed. This strategy offers the possibility to fur-
ther investigate tubular structured Mo2C/MoCO, and may
provide a general method for the growth of other micro-
tubes. The rolling mechanism may become a general
method for the synthesis of tubular structures.


Results and discussion


A series of representative scanning electron microscopy
(SEM) images of as-synthesized microtubes are shown in
Figure 1a±d. On the basis of SEM images, the tubular struc-


tures had a proportion of about 10% dispersed among nu-
merous broken flakes. Large-scale synthesis of the micro-
tubes by rolling might be difficult, however; by controlling
the rate of temperature increase the proportion of micro-
tubes reached 30%. (In an improved synthetic procedure,
MoCO6 samples were pushed into the hot zone at 300 8C,
and the furnace temperature was then increased to 600 8C
by a temperature programming procedure at the rate of
100 8C per hour. The layer deposition and rolling procedure
were well controlled). We believe that with better control of
the factors, the proportion of microtubes might be further
increased. Most of the microtubes had the scroll-type mor-
phology with diameters of about ten micrometers and sever-
al millimeters in length. Figure 1a±c shows the representa-
tive scroll-type microtubes. The open ends and coiling pat-
terns that were formed by the rolling process can be seen
clearly in the figure. A high magnification SEM image (Fig-


ure 1d) provides further insight into the structure of individ-
ual microtubes, which consists of well-assembled uniform
nanocrystalline products with diameters of about 30 nm.


Figure 2 shows the typical XRD pattern of as-synthesized
microtubes, in which the reflections have been attributed to
two components, MoCO with the face-centered-cubic (fcc)


structure, and Mo2C with a hexagonal-closed-packed (hcp)
structure. The reflection peaks at about 2q=37.58, 43.68,
63.68, 76.18, 80.48, and 96.18 could be indexed to the (111),
(200), (220), (311), (222), and (400) faces of fcc MoCO, with
lattice constants of a=4.152 ä (JCPDS card No: 17±0104).
The reflections at 2q=34.48, 38.08, 39.48, 52.28, 61.68, 69.68,
and 74.78 were indexed to (100), (002), (101), (102), (110),
(103), and (112) faces of hcp Mo2C with lattice constants:
a=3.012 ä and c=4.735 ä (JCPDS card No: 35±0787).
From the relative intensity of the peaks, we found that the
fcc MoCO was the dominant phase.


According to the literature,[32] the hcp Mo2C contains no
oxygen atoms. Thus the microtubes cannot be simply charac-
terized as molybdenum oxycarbides. We believe that it was
a kind of composite material of hcp Mo2C and fcc MoCO
with different amounts of amorphous carbon and oxygen in-
tercalated in the structure. Energy dispersive X-ray spectro-
scopy (EDS) and X-ray photoelectron spectroscopy (XPS)
were used to determine the composition of as-synthesized
products.


EDS spectra for different microtubes, as well as different
parts of the same microtube have been obtained. From all
the spectra, it can be confirmed that the microtubes con-
tained molybdenum, carbon, and a substantial amount of
oxygen, which were in the molar ratio of about 0.26: 0.50:
0.24 (spectra is not shown).


XPS spectra of the Mo3d, C1s, and O1s are shown in
Figure 3, and correspond to the microtubes obtained at
600 8C. The Mo3d spectrum (Figure 3a) shows the presence
of Mo3d in several oxidation states located at 228.4 eV,
231.8 eV, and 235.0 eV. According to the literature,[33±34] the


Figure 1. SEM images that show the as-synthesized microtubes. Typical
scroll-type microtubes (a±c). High magnification image that shows the
wall of the microtubes (d).


Figure 2. Typical XRD pattern of the microtubes obtained at 600 8C.
Mo2C signal(*) and MoCO signal(+ ).
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peak at 228.4 eV was unambiguously attributed to Mo
atoms in the carbide form, and the peak at 235.0 eV was at-
tributed to Mo6+ . The peak at 231.8 eV is probably due to
the combination of three contributions of the oxycarbide
phase, Mo4+ and Mo5+ species.[33±34] Figure 3b is the C1s
spectrum, which primarily shows two strong XPS peaks. The


peak at 284.8 eV was attributed to amorphous carbon as re-
ported by several authors.[33±34] The peak at 288.6 eV was at-
tributed to the carbon atoms involved in carbonate species
(C=O), and was due to contamination.[34] Further investiga-
tion revealed the weak signal at 283.5 eV may correspond to
a carbon bonded to an oxygen atom and a metal in an oxy-
carbide form.[33±34] Because amorphous carbon formed by
the pyrolytic reaction was accumulated on molybdenum car-
bides, the peak of C1s at 284.8 eV was very strong. Thus,
the carbon atom signal in the oxycarbide form was weak,
and the signals for the carbon atoms in the carbide form
could not be observed at all. The O1s XPS spectrum also
showed the presence of more than one peak. The peak lo-
cated at 530.4 eV was attributed to the oxygen bonded to
metal, while the peak at 532.8 eV was attributed to the
oxygen atoms in the carbonate species.[33±34]


According to the XPS analysis, the molar ratio of Mo, C,
and O was calculated to be about 0.22: 0.52: 0.26. Because
the contamination by accumulated carbon and air could not
be totally excluded, the amount of carbon and oxygen were
a great deal larger.[32,33±34] According to the literature,[34] the
signals of Moiv, MoV, and Movi might also be ascribed to the
exposition in air.


Spot analysis on a single microtube may provide valu-
able information on tubular materials. However, at this stage
we could not carry out spot XRD analysis on a single micro-
tube to determine the correct phase of the structure. In-
stead, we carried out EDS analysis on different microtubes,
as well as, different parts of the same microtube to obtain
spot analysis of the microtube composition. The EDS analy-
sis showed that the tubular structures had almost the same
composition of Mo, C, and O. TEM and ED analysis should
be useful to reveal the local structure of the products. How-
ever, in our case, TEM and ED patterns provided the struc-
ture of random grind samples instead of the microtubes due
to the following reasons: 1) The microtubes were only a
small portion of the pyrolytic products; most were the
broken sheets and 2) As-synthesized microtubes had diame-
ters of about ten micrometers, and walls about several mi-
crons thick; they cannot be examined by TEM directly. The
pyrolytic product must be grinded in order to be character-
ized by TEM. In the future, a suitable in-situ characteri-
zation technique is needed to conduct spot analysis on a
single microtube to assign the correct phase of the tubular
material.


Influence of the temperature : A series of experiments have
been conducted for a better understanding of the pyrolytic
reaction of Mo(CO)6.


The influence of temperature was investigated from 2008C
to 800 8C. The results showed that microtubes could only be
obtained at about 600 8C, although Mo(CO)6 began to de-
compose at a rather low temperature. Figure 4 shows the
typical XRD patterns of the samples obtained at 300±8008C.
From the XRD patterns, we determined that the decomposi-
tion reaction of Mo(CO)6 was very complicated, and it was
hard to obtain a single-phase product. The composition of
the final products changed a great deal as the temperature
increased. When the reaction temperature was below 500 8C,


Figure 3. XPS spectra of Mo3d, C1s, and O1s of the microtubes synthe-
sized at 600 8C: a) Mo3d, b) C1s, and c) O1s.
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only amorphous products were obtained. It was believed
that the primary phase of the amorphous products was
MoCO with certain amounts of accumulated amorphous
carbon and oxygen. At 500 8C, nanocrystallines of fcc
MoCO and hcp Mo2C were obtained at the same time. With
an increase in temperature, monoclinic MoO2 (JCPDS card
No: 76±1807) formed at about 650 8C. Body-centered-cubic
(bcc) structured Mo metal formed when the temperature
was higher than 700 8C. As shown in the image, reflection
peaks at 2q=40.68, 58.78, 73.88, and 87.78 could be an index
to the (110), (200), (211), (220) faces of the bcc Mo, with lat-
tice constants of a=3.147 ä (JCPDS card No: 42±1120). In-
terestingly, the intensity of the fcc molybdenum oxycarbide
decreased with increasing temperature. At 800 8C, signals of
fcc MoCO completely disappeared. According to the XPS
analyses, different amounts of amorphous carbon and
oxygen might accumulate in the products at different tem-
peratures. Thus, the molar ratio of Mo, C, and O of the
products changed with the reaction temperature.


Morphology of the products obtained at all temperatures
was characterized by SEM (SEM images are not shown).
The results showed that different-sized flakes were obtained
instead of microtubes. Those flakes had little difference in
morphology, although the particle size grew larger with an
increase in temperature.


A detailed reaction mechanism for the decomposition of
Mo(CO)6 will be discussed later.


The annealing time had little influence on the pyrolysis of
Mo(CO)6, because the pyrolytic reaction of Mo(CO)6 was
very fast. The composition and crystallinity of samples taken
after five minutes of the reaction were almost the same as
the products obtained after two hours.


Influence of the argon flow rate : In addition to the tempera-
ture, the argon flow rate had important influence on the
structure of the products. Control experiments with argon
flow rate from 10 to 100 sccm have been investigated. With
a slow argon flow rate, for example 20 sccm, we obtained


composite products of Mo2C and MoCO in the hot zone.
Careful investigation showed that small changes in the
argon flow rate had little influence on the pyrolytic prod-
ucts, whereas the composition of the products changed when
the argon flow rate greatly increased. When the argon flow
rate was higher than 80 sccm, a white sublimation product
of Mo(CO)6 was obtained at the outlet of the quartz tube.
Mo(CO)6 vapor was quickly removed even before the de-
composition. When the argon flow rate was about 50 sccm,
the pyrolytic reaction of Mo(CO)6 may have been responsi-
ble for the formation of black deposits at the downstream
side, in which the temperature was about 80 8C. A represen-
tative XRD pattern of the black product is shown in
Figure 5, in which all the reflection peaks were indexed to
fcc MoCO. XPS characterization showed that Mo, C, and O
were in the molar ratio of about 0.29: 0.37: 0.34.


Typical morphology of the as-synthesized MoCO crystal-
line products is shown in Figure 6, in which fibrous floccus
and microspheres were found.


Decomposition reactions of Mo(CO)6 at low temperature
could only result in the formation of amorphous products.
However, this strategy might provide a simple technique for
the synthesis of MoCO crystalline products. Those crystal-
lized MoCO samples had large surface areas, and their cata-
lytic properties were under investigation.


It was believed that the quenching process caused by the
high argon flow rate was the crucial factor in the formation


Figure 4. XRD patterns of the samples obtained at different reaction
temperatures: a) 3008C, b) 4008C, c) 5008C, d) 6008C, e) 6508C, f) 7008C,
and g) 800 8C. Mo2C signal(*), MoO2 signal (+ ), Mo signal(#), and
MoCO signal(*).


Figure 5. XRD pattern of the samples obtained at 80 8C with the argon
flow rate at about 50 sccm.


Figure 6. SEM images that show the typical morphology of MoCO crys-
talline products obtained at 80 8C with the argon flow rate at about
50 sccm.
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of pure-phase MoCO crystalline products. During the ther-
mal decomposition process, Mo(CO)6 decomposed to form
metallic Mo and CO vapors. With a low argon flow rate, Mo
and CO might have further reacted at high temperature to
yield Mo2C, MoO2, and Mo in addition to MoCO. When the
argon flow rate was high, the formed Mo and CO vapors
were quickly brought to the low temperature region, and re-
acted to form MoCO clusters. Those clusters further grew
into MoCO crystalline products.


Thermal stability and phase transition of the products : As-
synthesized microtubes were investigated by annealing the
samples in a conventional tube-furnace from 600 to 800 8C.
At high temperatures, the samples lost the tubular morphol-
ogy and collapsed to different-sized flakes. The correspond-
ing samples taken at 6008C, 6308C, 6508C, 7008C, and 8008C
were examined by XRD. The results (Figure 7) showed that


both the structure and composition of the microtubes
changed remarkably with an increase in temperature. At
600 8C, fcc MoCO was the primary phase of the microtubes,
and showed strong intensity in the XRD pattern. The inten-
sity of MoCO decreased and completely disappeared at 800
8C. hcp Mo2C always had a significant composition at all
temperatures, and an increase in intensity was observed at
high temperatures. MoO2 was formed at 650 8C, and Mo was
formed at 700 8C.


Thermal stability of the MoCO crystalline products ob-
tained at 80 8C with high argon flow rate was also investigat-
ed. The samples were annealed to 800 8C. Typical XRD pat-
terns of the samples taken at 80±800 8C are shown in
Figure 8. The formation of MoO2 was assigned at 600 8C. It
was interesting to note that the relative intensity of Mo2C
and Mo of Figure 8e showed an important difference rela-
tive to Figure 7e.


From the literature[32±37] and our experiment results, we
believe that the formation of MoO2 and Mo might be ascri-


bed to the decomposition of MoCO at high temperatures. A
detailed reaction process will be discussed later.


Reaction mechanism : Thermal decomposition of Mo(CO)6


has long been used to prepare metal films and molybdenum
carbides.[35±37] However, due to the complexity of the subject,
few studies have reported on the microscopic details of the
reaction pathways. Singmaster et al. proposed that an inter-
mediate product, such as Mo(CO)4, had an important role
in the photochemical decomposition of Mo(CO)6,


[35] whereas
more authors believed that thermal decomposition of
Mo(CO)6 would cause the formation of metallic Mo and
CO vapors.[36±37] Although the exact reaction pathway at the
atomic scale cannot be solved at this stage, possible reaction
mechanisms have been proposed on the basis of the litera-
ture[35±38] and our experimental results.


Reactions that may be involved in the pyrolysis of
Mo(CO)6 are expressed in Equations (1)±(5).


MoðCOÞ6 ! Moþ 6CO ð1Þ


Moþ CO ! MoCO ð2Þ


2CO ! Cþ CO2 ð3Þ


Moþ 2CO ! MoO2 þ 2C ð4Þ


2Moþ 2CO ! Mo2Cþ CO2 ð5Þ


At low temperatures, the reaction was simple and MoCO
was formed as the main product, whereas at high tempera-
tures, various reactions may have taken place at the same
time; this results in the formation of several kinds of prod-
ucts such as MoCO, Mo2C, MoO2, and Mo.


Investigations on the thermal stability of the products
showed that MoCO was not stable at high temperatures and
might have decomposed to form Mo2C, MoO2, and Mo.[36]


The reactions involved are shown in Equations (6) and (7).


Figure 7. Thermal stability and phase transition of the microtubes ob-
tained at 600 8C. XRD patterns of the samples annealed at: a) 600 8C,
b) 630 8C, c) 650 8C, d) 700 8C, e) 800 8C. (Mo2C signal(*), MoO2 signal
(+ ), Mo signal(#), and MoCO signal(*).


Figure 8. Thermal stability and phase transition of fcc MoCO obtained at
80 8C with a large argon flow rate. XRD patterns of samples annealed at:
a) 80 8C, b) 600 8C, c) 650 8C, (d) 700 8C, and e) 800 8C. Mo2C signal(*),
MoO2 signal(+ ), Mo signal(#), and MoCO signal(*).
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4MoCO ! 2MoO2 þMo2Cþ 3C ð6Þ


MoCO ! Moþ CO ð7Þ


Rolling mechanism : The concept that scrolling may lead to
the formation of tubular structures has long been
known.[17±18] However, it was not until very recently that the
rolling mechanism has been proposed as a general mecha-
nism for the synthesis of nanotubes. Up to now, there is a
lot of literature on the rolling mechanism.[17±26] From the lit-
erature[17±26] and our experimental facts, we believe that the
formation of the Mo2C/MoCO microtubes could be ascribed
to the rolling mechanism.


In addition to the typical scroll-type microtubes shown in
Figure 1, extensive and careful SEM observations are shown
in Figure 9, which further confirms that as-synthesized mi-


crotubes were formed by the rolling process. Direct evi-
dence for the rolling mechanism has been found in the half-
tube and half-plate structure, as shown in Figure 9a and b.
Figure 9a shows the image of a scroll-type microtube with
one end wound. Figure 9b shows the coexistence of micro-
tubes and rolling sheets in the same structure. The polycrys-
talline thin film appears to roll at the edges of each sheet.
Figure 9c shows two parallel scrolls, that were formed by
the rolling of a single sheet. The discovery of this phenom-
enon provides unassailable evidence to support the rolling
mechanism. Samples at different rolling stages are shown
in Figures 9d±f. Following the rolling sequence, shown in
Figures 9d±f, tubular structures are believed to have been
formed.


The novel rolling mechanism for the formation of compo-
site microtubes from the polycrystalline films requires a
clear understanding. Thermal stress, electron irradiation, in-
tercalation, sonochemical treatments, and others have been
suggested to perhaps initiate the rolling of molecular
layers.[17±25] Recently, thin solid films of SiGe have been
rolled up into nanotubes, because of the lattice mismatch
between the solid film and the substrate.[26] In this case, the
driving force for the curling of the thin solid films could be
ascribed to 1) the mismatch between the deposition film and
quartz glass substrate and 2) the interaction between the as-
sembled nanoparticles of the film. Under appropriate condi-
tions, the interaction between the film and the substrate
could be reduced, because of the lattice mismatch, while
keeping the interactions of assembled nanocrystallines of
the film; thus causing the thin layer to wrap and fold back
on itself. Scroll-type tubular structures were formed through
the rolling of the thin films.


No tubular structures were formed in control experiments
carried out at temperatures higher than 600 8C, because the
driving force was not adequate. The crystalline products that
formed at high temperatures had large particle sizes. Films
composed of large-sized particles could not grow very large,
and might have easily cracked during the rolling process. El-
emental composition of the film was also believed to have a
certain influence on the formation of microtubes. A detail
investigation is in progress.


Our experiments have shown an example of the rolling
mechanism to synthesize micrometer-scale tubular structures
through the rolling of solid thin films. Analogous to this
method, a variety of functional materials can be engineered
to produce solid-state tubular structures. It is foreseeable
that scrolling may become a general method for the synthe-
sis of other tubular structures.


Conclusion


To summarize, we have developed a simple method for the
synthesis of composite microtubes of Mo2C/MoCO under
well-controlled conditions by the pyrolysis of Mo(CO)6.
Thermal stability of the products, as well as the influence of
the reaction temperature and argon flow rate, have been in-
vestigated. The pyrolytic reaction model was discussed on
the basis of literature and our experimental results. The roll-
ing mechanism was further developed and applied to the
formation of micrometer-scale tubular structures. This syn-
thetic strategy offers the possibility for further investigation
of tubular structures of Mo2C/MoCO, and may become a
general method for the growth of nano- and microtubes.


Experimental Section


Synthesis of microtubes : The typical synthesis procedure for the forma-
tion of microtubes was carried out in a conventional tube furnace at
about 600 8C with the argon flow rate at about 20 sccm (standard cubic
centimeter per minute). Mo(CO)6 (0.3 g) was loaded in a quartz boat and
quickly pushed into the hot zone of the furnace at a stable temperature
of about 600 8C. Quartz glass substrates were used to collect the deposi-


Figure 9. SEM images that give evidence of the rolling process for the
formation of microtubes: a) microtube with the wound end, b) half-tube/
half-sheet in the same structure, c) two parallel tubes formed by the roll-
ing of one sheet, and d)±f) samples obtained at different rolling stages.
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tion. After calcination at 600 8C for two hours, the system was cooled to
room temperature under argon, and silver-gray products were obtained
on the quartz glass substrate.


Characterization : Powder X-ray diffraction (XRD) was performed on a
Bruker D8-advance X-ray diffractometer with CuKa radiation (l=
1.54178 ä). The 2q range used in the measurement was from 108 to 1008
in steps of 0.028 with a count time of 1 s. The size and morphology of as-
synthesized samples were determined by using a LEO-1530 SEM with an
accelerating voltage of 20 kV. The composition of the products was char-
acterized by using a PHI-5300 ESCA XPS.
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Photohydroxylation of 1,4-Benzoquinone in Aqueous Solution Revisited


Justus von Sonntag,*[a] Eino Mvula,[a, b] Knut Hildenbrand,[b] and Clemens von Sonntag[a, b]


Introduction


In 1886 and 1888, Klinger published the first, and up until
today still worth-reading, reports on the chemical effect of
light on a quinone in solution.[1,2] Ever since, there has been
a continuing interest in the photochemistry of quinones,[3±6]


induced by the abundance of quinoid structures in nature
and in technical products. For example, some p-quinone-
based dyes show considerable photodegradation of the
fabric while others do not.[6] This photo-tendering action is
due to an H abstraction from the substrate, and therefore
this type of reaction has been studied in detail in organic
solvents and in aqueous solutions, not only with 1,4-benzo-
quinone, but also with substituted 1,4-benzoquinones includ-
ing 1,4-naphtho- and 9,10-anthraquinones.[7±49]


1,4-Benzoquinone, Q, the parent of the quinones investi-
gated, has three absorption bands at 250, 300 and 424 nm
(in water, see Figure 1). The short-wavelength bands have
been attributed to a p!p* transitions, while the long-wave-
length band is due to an n!p* transition.[50] In a nonpolar
solvent, the n!p* transition shows a vibrational fine struc-
ture.[18] In water, the n!p* transition is blue-shifted, and
the vibrational fine structure is no longer observed (see
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Abstract: In water, photolysis of 1,4-
benzoquinone, Q gives rise to equal
amounts of 2-hydroxy-1,4-benzoqui-
none HOQ and hydroquinone QH2


which are formed with a quantum yield
of F=0.42, independent of pH and Q
concentration. By contrast, the rate of
decay of the triplet (lmax=282 and ~
410 nm) which is the precursor of these
products increases nonlinearly (k=
(2!3.8)î106 s�1) with increasing Q
concentration ((0.2!10) mm). The
free-radical yield detected by laser
flash photolysis after the decay of the
triplet also increases with increasing Q
concentration but follows a different
functional form. These observations
are explained by a rapid equilibrium of
a monomeric triplet Q* and an exci-
plex Q2* (K=5500�1000m�1). While
Q* adds water and subsequent enolizes
into 1,2,4-trihydroxybenzene Ph(OH)3,
Q2* decays by electron transfer and
water addition yielding benzosemiqui-


none CQH and COH adduct radicals
CQOH. The latter enolizes to the 2-hy-
droxy-1,4-semiquinone radical
CQ(OH)H within the time scale of the
triplet decay and is subsequently rapid-
ly (microsecond time scale) oxidized by
Q to HOQ with the concomitant for-
mation of CQH. On the post-millisec-
ond time scale, that is, when CQH has
decayed, Ph(OH)3 is oxidized by Q
yielding HOQ and QH2 as followed by
laser flash photolysis with diode array
detection. The rate of this pH- and Q
concentration-dependent reaction was
independently determined by stopped-
flow. This shows that there are two
pathways to photohydroxylation; a
free-radical pathway at high and a non-
radical one at low Q concentration. In


agreement with this, the yield of
Ph(OH)3 is most pronounced at low Q
concentration. In the presence of phos-
phate buffer, Q* reacts with H2PO4


�


giving rise to an adduct which is subse-
quently oxidized by Q to 2-phosphato-
1,4-benzoquinone QP. The current
view that COH is an intermediate in the
photohydroxylation of Q has been
overturned. This view had been based
on the observation of the COH adduct
of DMPO when Q is photolyzed in the
presence of this spin trap. It is now
shown that Q*/Q2* oxidizes DMPO (k
�1î108


m
�1 s�1) to its radical cation


which subsequently reacts with water.
Q*/Q2* react with alcohols by H ab-
straction (rates in units of m


�1 s�1):
methanol (4.2î107), ethanol (6.7î107),
2-propanol (13î107) and tertiary butyl
alcohol (~0.2î107). DMSO (2.7î109)
and O2 (~2î109) act as physical
quenchers.


Keywords: excimer ¥
hydroxylation ¥ photochemistry ¥
quinones ¥ reaction mechanism
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Figure 1). Q does not show fluorescence of any importance,
and it has been concluded that rapid intersystem crossing
occurs, that is, the n!p* triplet Q* is rapidly populated and
is the photochemically active species.[50] In fact, picosecond
time-resolved Raman scattering experiments indicate that
the triplet is present within 20 ps.[51] In the presence of a hy-
drogen donor, for example, 2-propanol, photoreduction
occurs with a quantum yield close to unity [1 mol QH2/Ein-
stein, reactions (1)±(3)],[7,11,18] and the analogy to ketone
photochemistry has been addressed.


In the solid state and in inert organic solvents, quinones
undergo cycloaddition reactions.[5] In water and in the ab-
sence of hydrogen donors, however, Q is efficiently photo-
hydroxylated (quantum yield of photodecomposition F=


0.31,[19] F=0.5,[37]), and as resulting products 2-hydroxy-1,4-
benzoquinone, HOQ, and hydroquinone, QH2, are formed
in equal amounts (F=0.25).[37] This type of reaction is also
given by other quinones, for example, anthraquinonesulfo-
nates,[21,52±59] 2-methyl-1,4-benzoquinone,[60] 2-methoxy-1,4-
benzoquinone[47] and 2,6-dimethylbenzoquinone.[61]


Photohydroxylation is suppressed by the addition of
halide ions.[37,59,62, 63] As short-lived intermediates CT-com-
plexes have been suggested that can either decay to the
ground state or, at elevated halide concentrations, form di-
halide radical anions and a semiquinone radical anion,
QC� .[62] Oxidation of carbonate to CO3C� has also been re-
ported.[64,65] Electron transfer processes are also made re-
sponsible for the quinone-sensitized photooxidation of nu-
cleobases.[66] This view is supported by EPR studies.[67±69]


QC� (F=0.47) is reported to be formed as a transient in
the photolysis Q in water.[38] This is in contrast to data
which indicate that in this system 1,4-benzosemiquinone-
type radicals must be minor contributors to photohydroxyla-
tion (<10%) compared with a non-radical pathway.[37]


Based on spin-trapping experiments, it has been suggest-
ed[39,44,45] that the first step is an H-abstraction from water
[reaction (4)}, that is, that the reaction is analogous to reac-
tion (1).


The view that COH are formed in the reaction of excited
quinones with water is shared also by other au-
thors.[32,52, 53,58, 64,70] However, it has been calculated that the
reduction potential of the relaxed triplet state of Q is insuf-
ficient to oxidize water, and it has been suggested that the
water oxidation (formation of 1,4-benzosemiquinone CQH
observed by time-resolved Raman spectroscopy) must be
due to the reaction of an unrelaxed triplet state.[35] As an-
other potential route to COH, electron transfer from a
ground-state quinone to an excited quinone and oxidation
of OH� or water by the ensuing quinone radical cation has
been considered.[4,54,55] In a recent study, the formation of a
free COH has been rejected, and instead a kind of ™krypto
COH∫ (COH complexed to CQH) has been favoured.[60]


If COH were formed their addition to Q would indeed
result in the formation of the observed products, HOQ and
QH2 {reactions (5)±(7) and (3); for details of the complex
kinetics see ref. [71]}.


The observation of the typical four-line COH adduct to
DMPO, when Q is photolyzed in the presence of this spin
trap, has been taken as strong support for the H abstraction
reaction (4).[39] However, it is well known that this COH-
adduct radical can have other adduct radicals as precursor,
for example, the superoxide radical, O2C� .[72] Moreover, ex-
cited states can oxidize spin traps,[73] and the ensuing spin
trap radical cation may react with water resulting in an
COH adduct. Thus, this evidence is not as strong as believed.[39]


There are, however, observations that are not compatible
with free COH as intermediates. The addition of an excess of
tertiary butyl alcohol that would have scavenged all free
COH does not affect the spectral developments after a laser
flash up to 200 ms.[32] Also a kind of warning is the fact that
acetone in its triplet state does not abstract a hydrogen
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atom from water, although its triplet energy (322 kJmol�1)
is higher than that of Q (224 kJmol�1).[74]


In the present paper, we will show that neither a free COH
radical nor an COH radical complexed to CQH are intermedi-
ates in the photohydroxylation reaction, and evidence for an
alternative mechanism will be given.


Experimental Section


1,4-Benzoquinone (Aldrich) was purified by sublimation. Hydroquinone
and 1,2,4-trihydroxybenzene, Ph(OH)3 (both Aldrich) were available as
reference material. Solutions were prepared in Milli-Q-filtered (Milli-
pore) water and stored in the dark. To minimize any exposure to light,
all glassware was covered with black cloth or aluminum foil. For product
studies, the aqueous Q solutions were irradiated at 254 nm using a low-
pressure Hg-arc, while kinetic studies employed the 308 nm light from an
XeCl excimer laser (for the UV spectrum of Q in water see Figure 1;
e(254 nm)=1500 m2mol�1, e(308 nm)=25 m2mol�1 in agreement with
ref. [19])


For UV irradiation at 254 nm, a low-pressure mercury lamp which does
not emit 185 nm radiation (Heraeus Sterisol NN 30/89) was used. Actino-
metry was done using the ferrioxalate system.[75,76] The contribution to
the bleaching of the ferrioxalate by wavelengths longer than 254 nm was
determined by a separate measurement, blocking the UV light with a
plate of ordinary glass. The effect of the 254 nm radiation was then ob-
tained from the difference (5î1017 photons s�1dm�3). Irradiations were
carried out in Suprasil cells (Hellma), 4î1 cm2 (face)î1 cm, and lasted
typically less than a minute requiring an automatic shutter (rise time
10 ms).


The products were identified by HPLC on a Nucleosil 5C18 column with
water as eluent; retention times (min): HOQ (5.9), Ph(OH)3 (10.1), QH2


(15.5), 2-hydroxymethylhydroquinone (18.9), 2-hydroxymethyl-1,4-benzo-
quinone (36.6), Q (40.7). Under these conditions, HOQ was deprotonat-
ed. When an acidic eluent with 10% methanol was used, HOQ (14 min)
eluted close to Q (15 min), and the separation was not as good. However,
this eluent allowed us to separate well HOQ from 1,4-benzoquinone-2-
phosphate QP (5 min) and also from QH2 (8.5 min). The reaction of
Ph(OH)3 with Q led to a quantitative formation of HOQ (for details see
below), and this method was used for the calibration of HOQ.


The formation of 2-hydroxymethylhydroquinone as well as 2-hydroxy-
methyl-1,4-benzoquinone in the photoreduction of Q by methanol (10%
of the QH2 yield, confirming earlier pulse radiolysis data[77] on the reac-
tion of CCH2OH with Q) was ascertained by gas chromatography com-
bined with mass spectrometry after rotary evaporation of the irradiated
solution and trimethylsilylation of the residue. The two hydroquinones
were characterized by their mass spectra. Hydroquinone-bis-TMS (MW


254 Da), m/z (%): 254 (84), 239 (100), 223 (4), 112 (8), 73 (82); 2-hydroxy-
methylhydroquinone-tris-TMS (MW 356 Da), m/z (%): 356 (44), 341 (13),
267 (15), 253 (9), 194 (33), 147 (14), 73 (100). 2-Hydroxymethyl-1,4-
benzoquinone was reduced with 1,2,4-trihydroxybenzene to 2-hydroxy-
methylhydroquinone. While the HPLC peak at 36.6 min disappeared, the
peak at 18.9 min increased accordingly.


For the stopped-flow experiments, the Biologic SFM-3 setup equipped
with a diode array detector (Tidas, J&M, Aalen, Germany) was used.


Methanesulfinic acid was readily detected by ion chromatography
(Dionex DX100; column: AG14/AS14, eluent: water containing 4.5î
10�4


m Na2CO3 and 4.25î10�4
m NaHCO3) as described elsewhere.[78, 79]


For the EPR experiments, a stock solution of 5,5-dimethylpyrroline-N-
oxide (DMPO, Aldrich; 250 mg) in CH3CN (5 mL) was kept under N2 at
�18 8C. Spin-trapping experiments were carried out on 3.5 mm solutions
of DMPO in 50 mm phosphate buffer, pH 7.2, containing either H2O2 or
Q in the absence or presence of tertiary butyl alcohol. EPR spectra were
recorded on a Varian E-9 X-band spectrometer equipped with an inter-
face from Stelar s.n.c, Mede (PV), Italy and a PC. The spin adducts were
generated by UV irradiation of the solutions in the cavity of the EPR in-
strument with unfiltered light from a Xenon short arc lamp (LX300UV,
Cermax, ICL Technology, Sunnyvale, CA).


The laser photolysis set-up comprised a 308 nm XeCl-excimer laser
(MINex, LTB Berlin, pulse train of three pulses (70, 20 and 10% of total
energy, respectively, each with 5 ns half width, all three within 70 ns, total
pulse train energy up to 15 mJ) as excitation source and a pulsed xenon
short-arc lamp (XBO 450, Osram, power supply LPS 1200, lamp pulser
MCP 2010, both Photon Technology International) supplying the ana-
lyzing light. The transient recording electronics, a photomultiplier (1P28,
Hamamatsu, operated at 900 V, power supply: PS310, Stanford Research
Systems) and a 500 MHz, 2.5 GSs�1 digitizing storage oscilloscope
(TDS620b, Tektronix) guarantee a time resolution within the limits set
by the excitation source. Further details have been published.[80]


The same 308 nm laser was also used for experiments in the minute time
range (denoted as laser flash photolysis long time range detection LFP-
LTRD). In this case, the laser beam was directed onto a Suprasil 10 mm
fluorescence cell (Hellma, Germany) placed into a thermostated and stir-
red cell holder (Flash 100, QNW, USA). Transient spectra were recorded
orthogonal to the laser beam with a fast diode array spectrometer (Tidas
II, J&M, Aalen, Germany) via fiber optics and a home-made coupling to
the cell holder. The trigger system of the laser flash photolysis[81] was
modified and reprogrammed both to synchronize the spectrophotometer
and the laser and to allow a burst of several laser pulses within a very
short time to produce a stronger ™pulse∫.


For pulse radiolysis the 11 MeV linear electron accelerator Electronika
003 (Thorium, Moscow) delivering 43 Gy pulses of 7 ns duration was
used. Its recording optics and electronics were essentially identical to the
laser flash photolysis set-up.


Simulations were performed on the complete 4D data matrix (time,
wavelength, absorbance, concentration) with the specialized 4D data fit-
ting software Pro-K II (Applied Photophysics, UK), see Figure 7. The
models were double-checked with the Chemical Kinetics Simulator soft-
ware, version 1.01, developed by IBM at the Almaden Research Center.


Results and Discussion


Final products and their quantum yields : In the preceding
studies on the photolysis Q in aqueous solution, it has been
suggested by a comparison of the UV spectra that the final
products are HOQ and QH2.


[19] From this, a quantum yield
of F(Q consumption)=0.31 was obtained.[19] The quantum
yield was found to be independent of pH in the range of
pH 0.4±8. We have recently shown that HOQ is a fairly
strong acid (pKa 4.2).[71] Its anion is characterized by a
strong absorption at 482 nm (e=200 m2mol�1), while the
free acid has an absorption maximum at 380 nm
(e=140 m2mol�1). We had used the electrochemical oxida-


Figure 1. UV absorption spectrum of 1,4-benzoquinone in aqueous solu-
tion. The excitation wavelengths used in this study (low-pressure Hg-arc
at 254 nm and XeCl excimer at 308 nm) are marked.
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tion of 1,2,4-trihydroxybenzene (Ph(OH)3) to generate
HOQ,[71] but its oxidation by Q[19] (reaction 8; for the kinet-
ics of this reaction see below) is an alternative and more
convenient procedure that was now used for calibration.


With Q in some excess, one mol Ph(OH)3 yields one mol
HOQ and one mol QH2. This quantitative conversion was
ascertained by HPLC (see Experimental Section). The com-
plete consumption of Ph(OH)3 is balanced by an equivalent
formation of QH2. Based on this calibration, it has now
been shown that in the photolysis of Q in aqueous solution
QH2 and HOQ are formed in equal yields (inset in
Figure 2). No further products were detected by HPLC.


From Figure 2 (main graph), it can be seen that the yield
of HOQ is neither dependent on pH (pH 2.1 and 7; confirm-
ing earlier observations[19]) nor on the concentration of Q
(0.1 mm and 1 mm). Based on actinometry, quantum yields
were determined at F=0.42 for the two products, QH2 and
HOQ. This is in fair agreement with an earlier value[19] of
F=0.31.


To keep the pH constant, typically ™inert∫ buffers such as
phosphate are used. In the presence of high concentrations
of phosphate buffer pH 4.6, however, a new product is ob-
served that is attributed to 1,4-benzoquinone-2-phosphate,
QP.


This product is characterized by absorption maxima at
~254 and 361 nm (HPLC, diode array, in agreement with
the transient difference spectrum from LFP-LTRD experi-
ments, see Figure 13). QP is unstable and fades away in neu-
tral solution. It was thus impossible to collect sufficient ma-
terial by preparative HPLC for its characterization by NMR
spectroscopy.


Based on redox balance considerations, the quantum yield
of QH2 must match that of the sum of HOQ and QP. The
yields of the former two can be determined and thus the
yield of the latter calculated. As can be seen from Figure 3,
the quantum yield of HOQ is independent of the phosphate
buffer concentration, while those of QH2 and QP rise with
increasing buffer concentration.


Identical data were obtained at pH 4.6 and 3.44. At these
two pH values, the phosphate buffer is mainly present as
H2PO4


� . Even at pH 4.66, the HPO4
2� concentration is only


0.2% of the total buffer concentration, and at the lower pH
it drops to 0.016%. If HPO4


2� were the reactive species in
the experiments shown in Figure 3 the QP yield at the high-
est phosphate buffer concentration (0.8m) should be less
than that found for 0.1m phosphate buffer at pH 4.6. This
not being the case, we conclude that the phosphate buffer
effect observed here is given by the H2PO4


� ions. Experi-
ments at pH values noticeably above the ones studied and
at high phosphate buffer concentrations (i.e., high concen-
trations of HPO4


2�) were not feasible, since not only QP but
also Q (to a lesser extent) are not sufficiently stable under
these conditions.


It is noted that in contrast to phosphate, the quantum
yield of photodecomposition of Q is greatly diminished by
the addition of halide ions, chloride and bromide.[19]


Spin-trapping studies : That COH may be an intermediate in
the photohydroxylation of Q is continuously suggested since
the early work on this subject. The ™proof∫ came from spin-
trapping studies. In the presence of DMPO, a four-line EPR
spectrum, typical for the DMPO±COH adduct, has been ob-
tained.[39,44] Competition with ethanol[39] and with formate[44]


yielded data that were close to those calculated on the basis


Figure 2. UV Photolysis (254 nm) of 1,4-benzoquinone in Ar-saturated
aqueous solution. Formation of 2-hydroxy-1,4-benzoquinone as a func-
tion of time at pH 2.1 (~, ~) and pH 7 (*, *) at two different 1,4-benzo-
quinone concentrations (~, *: 0.1 mm ; ~, *: 1 mm). Inset: Formation of
hydroquinone (*) and 2-hydroxy-1,4-benzoquinone (~: as a function of
the irradiation time ([1,4-benzoquinone]=1 mm).


Figure 3. Photolysis of aqueous solutions of 1,4-benzoquinone at 254 nm.
Quantum yields of the formation of 2-hydroxy-1,4-benzoquinone (*), hy-
droquinone (*) and 1,4-benzoquinonone-2-phosphate as a function of
the phosphate buffer concentration pH 4.6 (~) and pH 3.44 (~).


Chem. Eur. J. 2004, 10, 440 ± 451 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 443


Photohydroxylation of 1,4-Benzoquinone 440 ± 451



www.chemeurj.org





of the known[82] rate constants of COH with DMPO and
these substrates. Considering that these two substrates un-
dergo ready photoreduction and thus this reasonable agree-
ment could be due to an artefact, we set-up a competition
with tertiary butyl alcohol, a substrate that is a very poor hy-
drogen donor, that is, not very reactive towards carbonyl ex-
cited states, but nevertheless readily reacts with COH (k=
6î108


m
�1 s�1).[82] As can be seen from Figure 4, we also ob-


serve a four-line signal, identical to that obtained upon pho-
tolysis of H2O2. In such competitions, tertiary butyl alcohol
is much more effective in reducing the four-line signal when
it was generated via COH formed in the photolysis of H2O2


than when formed upon Q photolysis (Figure 4).


We thus conclude that in the case of the photolysis of Q
the four-line signal must have another precursor. It has been
estimated that the oxidation potential of the relaxed Q*
may be around 2.4 V,[35] that is, very high but below the re-
duction potential of COH (E 7=2.65 V).[83] The oxidation po-
tential of DMPO is around 1.7 V.[73] In analogy to experi-
ments where photoexcited chloranil was reacted with
DMPO in the presence of various acids as nucleophiles,[73]


we suggest that an electron transfer from the spin trap to
Q* occurs [reaction (9)]. This is followed by nucleophilic ad-
dition of water to the DMPO radical cation with the con-
comitant release of a proton [reaction (10)]. The rate con-
stant for the reaction of Q* with tertiary butyl alcohol has
been measured here (see below) at ~2î106


m
�1 s�1 (for a


compilation of rate constants see Table 1). From this value
and the data shown in Figure 4, we estimate a rate constant
in the order of 108


m
�1 s�1 for the reaction of Q* with


DMPO.


The 1,4-benzoquinone triplet state(s): The first transient ob-
served by laser flash photolysis of Q has been assigned to its
triplet state Q* (for the likely involvement of an excimer,
Q2*, see below).[32] In this study,[32] where the UV absorption
spectrum of the triplet was given in the range between 350
and 500 nm, the transient displayed a maximum at
~410 nm, but the much stronger one at 282 nm (cf.
Figure 5) had been missed, and also in the more recent
study on 2-methyl-1,4-benzoquinone,[60] no attempt has been
made to measure the triplet spectrum below 330 nm. The
shapes of the short-wavelength absorption band when put
on an energy scale shows a good Gaussian distribution, and
based on this analysis its maximum is located at 282 nm.


Upon the decay of Q* (and Q2*, see below), species with
maxima at ~310 and 410 nm are formed (Figure 5). The rate
of triplet decay has been reported at k=1.9î106 s�1.[32] In


Figure 4. Normalized yields of the four-line EPR spectrum (cf. inset) in
the photolysis of 1,4-benzoquinone (*: 0.5 mm) in the presence of
DMPO (17.5 mm), and in the photolysis of H2O2 (*: 0.4%) as a function
of the tertiary butyl alcohol concentration. Inset: photolysis of H2O2 in
the absence (a) and in the presence of tBuOH (b, 40 mm) and in the pho-
tolysis of 1,4-benzoquinone in the presence of 120 mm tertiary butyl alco-
hol (c).


Table 1. Compilation of rate constants [m�1 s�1] relevant for the present
study.


Reaction Rate constant Reference


Q* + O2 ~2î109 this work
2.4î109 [32]


Q* + Q >5î109 this work
Q* + 2-propanol 1.3î108 this work
Q* + ethanol 6.5î107 this work
Q* + methanol 4.2î107 this work
Q* + tBuOH 2î106 this work
Q* + DMSO 2.7î109 this work
Q* + DMPO ~1î108 this work
Q + Ph(OH)3 19 (pH 4.6)[a] this work
Q + Ph(OH)2O


� 8î105 this work
Q + COH !products 6î109 [71]


tBuOH + COH !products 6î108 [82]


DMSO + COH !products 7î109 [82]


CQOH! CQ(OH)H 2.5î106 s�1 [71]


CQ(OH)H + Q!HOQ + CQH � 2.4î107 [71]


CQ(OH)� + Q!HOQ + QC� 2î109 [71]


[a] Upper limit for the uncatalyzed reaction. For proton and buffer catal-
ysis see text.


Figure 5. 308 nm laser flash photolysis of 1,4-benzoquinone (4 mm) in N2-
saturated aqueous solution. UV/Vis spectra recorded at 100 ns (*) and
1.4 ms (*) after the flash. The wavelengths close to the exciting wave-
length had to be omitted.
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this experiment, the Q concentration was 0.5 mm. We have
now investigated the dependence of the lifetime of this spe-
cies as a function of Q concentration which was varied in
the range of (0.2!10) mm. As can be seen from Figure 6, at
the lowest concentration used the rate of decay is 2î106 s�1


and increases with increasing Q concentration, approaching
at high Q concentration a constant value of k=3.8î106 s�1.


Evidently, the Q concentration-dependence of the triplet
lifetime is not compatible with a simple reaction of Q* with
water, and at some point ground-state Q has to be involved
as well. Without the yield data (lower curve in Figure 6),
one would be tempted to ignore the curvature of the triplet
decay rates (upper curve in Figure 6) and draw a straight
line. This would result in a quenching rate of Q* by Q of
2î108


m
�1 s�1. However, fitting the yield data by convention-


al first-order competition kinetics results in a 20 times
higher rate constant. Apparently, a more complex reaction
Scheme is required.


It will be discussed below that Q* is most likely in rapid
equilibrium with its dimer, Q2*, an exciplex consisting of
two Q molecules [equilibrium (11)]. This can account for
the data shown in Figure 6 and the other data to be reported
next.


When the triplet has decayed, a noticeable absorption re-
mains (cf. open circles in Figure 5). This has been attributed
to the formation of free radicals.[32] Since only one Q con-
centration had been studied, it escaped attention[32,38] that


the radical yield is also a function of the Q concentration
(Figure 6, lower curve, left scale).


In a flash photolysis study on duroquinone (2,3,5,6-tetra-
methyl-1,4-benzoquinone) in aqueous solution,[84] free-radi-
cal formation was only observed upon triplet±triplet annihi-
lation, that is, at high triplet concentrations. Here, this pro-
cess is excluded because the yield per dose was found to be
independent of laser flash intensity, in agreement with the
weak intensities of our laser flashes. The much shorter life-
time of Q*/Q2* as compared to that of the duroquinone trip-
let further reduces a potential contribution of triplet±triplet
reactions.


The disappearance of free-radical intermediates at vanish-
ing Q concentration together with the independence of
F(photohydroxylation) on the Q concentration suggests
that two processes occur side by side. We conclude that Q*
reacts with ground state Q forming an exciplex, Q2*. While
Q* hydrates without giving rise to a product that absorbs
strongly at >300 nm, Q2* gives rise to radical formation and
hence to intermediates absorbing at long wavelengths. With
Q* and Q2* in rapid equilibrium (k11�5î109


m
�1 s�1) and


decay rates of 2î106 s�1 for Q* and 3.8î106 s�1 for Q2*, the
stability constant K11=5500�1000m�1 is calculated from the
data shown in Figure 6. The solid lines drawn through the
data points of these figures were calculated on this basis.


With such a rapid equilibrium and fast decay rates, the
differences in the UV absorption spectra of Q* and Q2* can
only be obtained by global analysis. The result is shown in
Figure 7. According to this analysis, the absorption maxima
of Q* and Q2* do not differ much. However, compared with
Q*, Q2* shows a lower absorption at the short-wavelength
maximum.


Dioxygen quenches Q*/Q2* (see also ref. [32]), and conse-
quently the ensuing free-radical yield is reduced. The rate
constant derived from plotting kobs versus the dioxygen con-
centration (1.0î109


m
�1 s�1 at 2.2 mm Q, 1.1î109


m
�1 s�1 at


4.0 mm Q) does not agree with the rate constant derived
from a Stern-Volmer plot based on the final free-radical
yield using the same experimental data (2.6î109


m
�1 s�1 at


2.2 mm Q, 1.9î109
m


�1 s�1 at 4.0 mm Q). This shows, that the
mechanistic assumption behind the Stern-Volmer plot does


Figure 6. Laser flash photolysis at 308 nm of 1,4-benzoquinone in N2-satu-
rated aqueous solution at pH 2. Right scale (*): Rate of decay of the 1,4-
benzoquinone triplet(s) at 285 nm as a function of the 1,4-benzoquinone
concentration. The value obtained in ref. [32] has been included (trian-
gle). Left scale (*): Ratio of the initial absorption at 415 nm (assigned to
the triple) to the final absorption at this wavelength (assigned to prod-
ucts, for example, free radicals) as a function of the 1,4-benzoquinone
concentration. The solid lines have been calculated on the basis of the
harmonic-mean approach to equilibrium kinetics.


Figure 7. Global analysis of the transients. c : 1,4-benzoquinone triplet,
Q*; g : triplet exciplex, Q2*; a : decay product of Q2*, semiquinone
radical CQH products plus 2-hydroxy-1,4-benzoquinone, QOH ; c :
decay product of Q*, 1,2,4-trihydroxybenzene Ph(OH)3 and/or its precur-
sors.
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not hold, that is, simple competition kinetics do not take
place. These marked difference indicate complex kinetics in-
volving the quenching of more than one triplet state by O2.


Alcohols also quench the 282 nm absorption ([Q]= (2!
4) mM in these experiments). The rate constants increase
with increasing H-donating property of the alcohol from
~0.2î107


m
�1 s�1 (tertiary butyl alcohol, cf. Figure 8) to 13î


107
m


�1 s�1 (2-propanol), cf. Table 1.


In an earlier study,[32] experiments have also been carried
out in the presence of 0.1m tertiary butyl alcohol. The
rather scattering data have been interpreted as being com-
patible with a decrease of the total semiquinone radical
yield, and it has been suggested that tertiary butyl alcohol
reacts with the COH radicals formed according to reac-
tion (4). The effect of tertiary butyl alcohol on the total
semiquinone radical yield has been re-investigated here in
somewhat more detail, and it is now clear that in fact the
total semiquinone radical yield increases with increasing ter-
tiary butyl alcohol concentration (cf. Figure 8 which shows
two out of five data sets).


Dimethylsulfoxide (DMSO) is a much better triplet
quencher than the alcohols (Table 1). This effective quench-
ing cannot be attributed to hydrogen donation, since DMSO
is a poor hydrogen donor. In agreement with this, free-radi-
cal formation is suppressed by DMSO. The lack of radical
products also excludes an efficient electron transfer, that is,
the formation of QC� and a DMSO radical cation. The latter
would be expected to react with water yielding the COH ad-
duct, which has been shown[85] to give rise to methanesulfin-
ic acid and a methyl radical. Methanesulfinic acid (or its oxi-
dation product methanesulfonic acid) is not formed, not
even in low yields (F<0.03). Moreover, the methyl radical
is known to react readily with Q yielding 2-methyl-1,4-ben-
zoquinone.[86] We have also looked for this product, and did
not find any indication for its formation. This is in contrast
to a recent study on the photolysis of 2-methyl-1,4-benzo-
quinone in aqueous DMSO solutions.[60] There, the forma-
tion of methyl radicals was concluded based on fluorescent
material formed in the presence of a nitroxyl radical trap.[60]


Our more stringent data suggest that DMSO acts over-
whelmingly as a physical quencher. Such processes have
been observed before with many other systems, and with op-
tically active sulfoxides an isomerization is observed; an ex-
ciplex as a very short-lived intermediate has been postulat-
ed.[87,88]


The free-radical intermediates : The formation of free-radi-
cal intermediates has been noticed before and has been at-
tributed to the formation of CQH and CQ(OH)H,[32] or only
to CQH,[38] and, depending on pH, to their corresponding
radical anions. From a flash photolysis study of a 0.4 mm Q
solution at pH 7, it was concluded that F(CQH)=0.47.[38] In
this calculation, the formation of HOQ that must have been
formed upon the oxidation of CQ(OH)H by Q [cf. reac-
tion (7)] at the time scale of these experiments (cf. ref. [71])
has not been accounted for, and thus F(CQH) is lower. Radi-
cal formation is now suggested to be due to a reaction of
Q2* with water (reaction 12) followed by a rapid conversion
of CQOH into CQ(OH)H (reaction 6, k=2.6î106 s�1).


The same species can be generated in a pulse radiolysis
experiment. There, solvated electrons and COH are formed
in about equal yields with a contribution of some 10% hy-
drogen atoms. In their reaction with Q, solvated electrons
(and potentially also CH) give rise to CQH, while COH yield
CQ(OH)H (via CQOH) (cf. reactions (5)±(7), ref. [71], and
references therein).


In Figure 9, the spectra obtained by pulse radiolysis of N2-
saturated aqueous Q solutions at neutral and low pH are
compared with corresponding laser experiments. The pKa


value of CQH is at 4.0,[89] (4.1),[90] and that of CQ(OH)H is at
4.9.[71] In view of the fast oxidation of CQ(OH)� by Q at
pH 7 (k=2î109


m
�1 s�1),[71] 1±2 ms after the laser/electron


pulse we deal with a 2:1 mixture of CQH and HOQ. HOQ
also absorbs in the same wavelength region as CQH, and its
spectrum also changes with pH (pKa(HOQ)=4.1).[71] At low
pH, the oxidation of the now no longer deprotonated
CQ(OH)H is much slower (k�2.4î107


m
�1 s�1). The rate of


reaction is governed by the rate of oxidation of CQ(OH)� in
equilibrium,[71] and at the pH and Q concentrations of
Figure 9 HOQ formation is negligible under acidic condi-
tions at 1 ms.


Because in the present system we deal with two products
(CQH and HOQ), the spectral differences between low and
high pH are less pronounced here than in systems contain-
ing only[89,90] CQH. However, the good agreement of these
two data sets clearly shows that free radicals are indeed
formed upon the decay of Q2*. In contrast to the earlier
pulse radiolysis study,[71] the intermediate CQOH cannot be
detected in the laser flash experiment, because its conver-
sion into CQ(OH)H takes place at the same rate as the
decay of Q*/Q2*.


Figure 8. 308 nm laser flash photolysis UV of 1,4-benzoquinone (4 mm) in
aqueous solution in the absence (*) and presence (*) of tBuOH (0.4m).
The spectra were recorded 1.4 ms after the flash. Inset: Observed rate
constant of the decay at 285 nm of the 1,4-benzoquinone triplet as a func-
tion of the tertiary butyl alcohol concentration. The regression line yields
a value of k= (1.94�0.2)î106


m
�1 s�1.
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At pH 7, the decay of Q*/Q2* occurs at a similar time
scale as the deprotonation of CQH. Optically, this is reflected
as an increase in the absorption at 315 nm (Figure 10), the
only wavelength where the products (semiquinone-type rad-
icals) show a stronger absorption than the triplets (cf.
Figure 5). As expected, at low pH, where this deprotonation
no longer takes place, no increase at 315 nm is observed on
this time scale.


As discussed above, after a few ms only CQH remains. It
decays by second-order kinetics into Q and QH2 [reac-
tion (13)].


The self-termination rate constant of CQH is 1.09î
109


m
�1 s�1, while QC� self-terminates somewhat more slowly


(1.7î108
m


�1 s�1).[89] As a consequence of the rapid oxidation
of CQ(OH)H by Q, CQ(OH)H is not reduced into Ph(OH)3


in free-radical disproportionation reactions, for example,
with CQH or itself.


Formation of 1,2,4-trihydroxybenzene and its oxidation by
1,4-benzoquinone : Although Ph(OH)3 cannot be formed via
the free-radical pathway, it is a likely intermediate, when
the monomeric triplet, Q*, reacts with water [reaction (14)
followed by the enolization reaction (15)].


The oxidation of Ph(OH)3 by Q gives rise to the final
products, HOQ and QH2 [reaction (8)]. An oxidation of the
precursor of Ph(OH)3, Q(H2O), by Q [reaction (16)] must
also be envisaged (for discussion see below).


Using electrochemical oxidation of Ph(OH)3 to generate
HOQ, we have recently shown that HOQ is a fairly strong
acid (pKa 4.2) and that its anion is characterized by a strong
absorption at 482 nm (e=200 m2mol�1), while the free acid
has an absorption maximum at 380 nm (e=140 m2mol�1).[71]


The oxidation of Ph(OH)3 by Q has been used before as a
spectral reference for the formation of HOQ.[19] With the
help of the stopped-flow technique (spectrophotometrical
detection), we now show that the rate of reaction depends
on pH and at a given pH on the phosphate buffer concen-
tration. With Ph(OH)3 in large excess over Q, the kinetics
of the formation of HOQ is of (pseudo) first order. The
rapid autoxidation of the anion of Ph(OH)3 prevented us
from extending our studies to pH values above those given
in Figure 11. These data are compatible with a slow oxida-
tion of the fully protonated Ph(OH)3 (at low pH) and a
much faster one of its monoanion (pKa 9.1)[91] From the data
one estimates that Ph(OH)3 is oxidized with k=14m�1 s�1


and its anion with k=8î105
m


�1 s�1 (for a compilation of
rate constants see Table 1). However, the situation is more
complex. In acid solution, the rate of reaction increases
again, and upon addition of H2PO4


� (pH 4.66) the rate in-
creases with increasing phosphate buffer concentration
(inset in Figure 11). Under these conditions, the rate of reac-
tion is described by kobs= (19+170î[H2PO4


�]) m�1 s�1. A
maximum in the rate of reaction between pH 3 and 5.5, as
has been reported before,[19] is not apparent from our data.


The increase in the rate of the oxidation of Ph(OH)3 by
Q at low pH is somewhat unexpected. Two potential inter-
pretations are envisaged. At low pH, Q and its protonated
form, QH+ , are in equilibrium, and QH+ is a stronger oxi-


Figure 9. UV photolysis (symbols) and pulse radiolysis (lines) of 1,4-ben-
zoquinone (Q) in deoxygenated aqueous solutions. UV/Vis absorption
spectra of the intermediates present 1 ms after the laser flash/electron
pulse. Solid line ([Q]=1.8 mm) and triangles (4 mm) neutral solutions,
dotted line (pH 3.3, [Q]=0.1 mm), circles (pH 2, [Q]=4 mm).


Figure 10. 308 nm laser flash photolysis of 1,4-benzoquinone (4 mm) in
aqueous solution at pH ~7. Normalized absorptions at 288 nm and at
315 nm as a function of time.
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dant than Q. The proton affinity of Q has not yet been de-
termined, but the pKa of acetoneH+ which may serve as a
guide is at �3.06.[92] Alternatively, Q and Ph(OH)3 could be
in equilibrium with a CT complex, a kind of quinhydrone.
Protonation of this ™quinhydrone∫ would speed-up the oxi-
dation of Ph(OH)3 by Q. We favor the latter mechanistic
concept, because at pH 4.66 phosphate buffer (cf. triangle in
Figure 11) would not increase the QH+ concentration in
equilibrium but could protonate the ™quinhydrone∫.


Above, it has been shown that in the free-radical pathway
a few ms after the flash CQH and HOQ are the products (in
the absence of phosphate buffer; for the effect of phosphate
buffer see below). After this, radicals CQH decay by dispro-
portionation into QH2 and Q [reaction (10)]. This reaction
is completed within a few ms.


Thus, any formation of HOQ observed in the post-milli-
second time range must be due to another process, that is,
the non-radical pathway [reactions (14)±(16), (8)]. As shown
in Figure 12, a biphasic buildup of HOQ (for its UV spec-
trum see inset) is indeed observed. The slow part follows
the very characteristic pH dependent kinetics of the oxida-
tion of Ph(OH)3 by Q as discussed above.


The ratio of the fast/slow components increases with in-
creasing Q concentration (data not shown), substantiating


that the free-radical pathway requires a reaction of Q* with
Q. The fast component also gains in importance upon lower-
ing the pH. Since this change in mechanism is not connected
with a change in the rate of the decay of Q*/Q2*, it cannot
be due to an increase of the rate of radical formation upon
protonation of Q2*. We, therefore, tentatively suggest that
Q(H2O) is oxidized by Q [reaction (16)] in competition with
its rearrangement to Ph(OH)3 [reaction (15)]. Being of
higher energy than Ph(OH)3, Q(H2O) may be oxidized by
Q (H+-catalyzed, again via a CT complex) much faster than
Ph(OH)3. In case this process occurred at times <1 s, it
would be recorded together with the free-radical pathway.
Our setups do not allow us to monitor times between 1 ms
and 1 s, and testing this mechanistic proposal experimentally
was not possible.


Reactions involving phosphate : In the presence of phos-
phate buffer, the overall product quantum yield is increased,
and a new product, attributed to 2-phosphato-1,4-benzoqui-
none QP is formed (see above). Its yield increases with in-
creasing phosphate concentration. Concomitantly, the Q
triplets as monitored at 285 nm decay faster with ~4î
106


m
�1 s�1 at 0.3 mm Q and ~5î106


m
�1 s�1 at 8.3 mm Q (data


not shown). At both Q concentrations, the addition of phos-
phate seems to increase only little if at all the free radical
yield. We hence suggest, that phosphate mainly reacts with
Q*, and a reaction with Q2* must be minor in comparison.


In analogy to reactions (14) and (15), the reaction of Q*
with H2PO4


� is given by reactions (17) and (18).


The subsequent oxidation of QH2P by Q to QP [reac-
tion (19)] is analogous to that of Ph(OH)3 to HOQ [reac-
tion (8)].


In the presence of 1 molar phosphate at pH 4.66, follow-
ing the buildup of HOQ, a further buildup between 300 and
450 nm is observed (Figure 13). Subtraction of the spectrum
measured after 5 s from that after 98 s yields a spectrum
with lmax=361 nm (when put on an energy scale, this peak
shows a perfect Gaussian distribution allowing the exact de-
termination of its maximum). It agrees with the spectrum of
QP observed by HPLC.


The oxidation of QH2P by Q is notably slower (kobs=


7m�2 s�1) than that of Ph(OH)3 (kobs=190m�2 s�1) under
equal conditions (1m phosphate).


Figure 11. Observed second-order rate constant of the oxidation of 1,2,4-
trihydroxybenzene by 1,4-benzoquinone as a function of pH (*) and in
the presence of 1m NaH2PO4 (~). Data by stopped-flow. The solid line is
calculated on the basis on the values given in the text. Inset: rate of the
phosphate catalyzed oxidation as a function of the phosphate concentra-
tion at pH 4.66, laser flash photolysis LFP-LTRD (*) and stopped-
flow (~).


Figure 12. 308 nm laser flash photolysis of 1,4-benzoquinone (0.5 mm) at
pH 2.5. The laser flash was directed into a cuvette of a diode array spec-
trophotometer, and spectra were recorded every 0.2 s. Main graph: kinet-
ics at 390 nm. Inset: Spectra at 1 s (g) and at 39 s (c).
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Summary of the photohydroxylation mechanism : It has
been shown above that no free COH is formed. The interme-
diacy of an COH complexed to QC� as has been proposed re-
cently[60] has likewise to be rejected not only on the basis of
the above experiments that exclude the formation of signifi-
cant amounts of methyl radicals in the presence of DMSO
but also as a potential concept in general. p-Complexes of
radicals to aromatic compounds are known, and even for a
radical as reactive as COH it has been shown that such a
complex has to be postulated as an intermediate in its reac-
tion with benzene to the hydroxycyclohexadienyl radical.[93]


However, a p-complex of a strongly oxidizing radical such
as COH with a strongly reducing radical such as CQH/QC� (as
postulated in ref. [60]) will immediately collapse either by
electron transfer of by recombination. We therefore have to
come up with another mechanism.


This mechanism has to accommodate two important as-
pects: i) the increase in rate of the decay of the triplet with
increasing Q concentration and ii) the observation that the
free-radical yield increases with increasing Q concentration
despite the fact that the product quantum yields are inde-
pendent of the Q concentration. Furthermore, the incorpo-
ration of phosphate in the presence of phosphate buffer
with a concomitant increase in the total quantum yield of
product formation has to be taken into account.


Observation ii) requires that excited Q has two pathways
for its decay towards the products QH2 and HOQ, one at
low Q concentrations without the intermediacy of free radi-
cals and one at high Q concentrations via free-radical inter-
mediates. This can be accounted for if Q* reacts with water
yielding an adduct, Q(H2O) [reaction (14); see Scheme 1,
below], which is oxidized by Q straight away [reaction (16)],
or re-arranges into Ph(OH)3 [reaction (15)] and is then oxi-
dized by Q to HOQ [reaction (8)]. In competition with this,
Q* reacts with ground-state Q and the ensuing exciplex Q2*
decays by electron transfer into QC� and QC+ . QC+ is expect-
ed to react ™immediately∫ with water. Benzene-derived radi-
cal cations have lifetimes >1 ns only when substituted by
more than two (electron donating) methyl substituents,[94,95]


and QC+ with its two electron-withdrawing carbonyl groups
may be even shorter-lived. One also may consider that the
radical cation never materializes, and the reaction of the ex-


ciplex with water may proceed directly to QC� and CQOH.
CQOH isomerizes rapidly (k=2.5î106 s�1) into CQ(OH)H.[71]


In the presence of phosphate buffer, Q* decays faster
without enhancing the free-radical yield [reaction (17)],
eventually giving rise to QP [reactions (18) and (19)].


Conclusion


The formation of an exciplex, Q2*, en route to QH2 and
HOQ via free radicals has been investigated in the present
paper. Exciplexes with Q* seem to be more general. The
photoinduced hydroxylation of benzene by Q in aqueous
solution[64] will have a Q*±benzene exciplex and upon its
decay a hydroxycyclohexadienyl radical as the most likely
precursors. The quenching of Q* by halide ions, X� , is
thought to pass through an exciplex, Q*�X� , which must
have a certain lifetime, since it gives rise to radical forma-
tion at high Cl� concentrations (Q*�X�+X�!QC�+X2C�).[62]


Exciplexes are postulated for the quenching of Q* by dioxy-
gen and by DMSO, but these reactions do not lead to ob-
servable products such as quenching of Q* by X� at low X�


concentrations. Exciplexes are, of course, not restricted to
quinones but an abundant phenomenon in photochemistry.
In analogy to the present system, we have recently shown
that in photochemistry of maleimide in aqueous solution the
maleimide exciplex gives not only rise to a dimer biradical
but also to the formation of free radicals via electron trans-
fer.[96]


Figure 13. Laser flash photolysis (LFP-LTRD) at 308 nm of 1,4-benzoqui-
none (5.5 mm, air-saturated) in the presence of 1m H2PO4


� . a) 5 s after
the flash (assigned to 2-hydroxybenzoquinone); b) 98 s after the flash;
c) difference spectrum (assigned to 2-phosphato-1,4-benzoquinone).


Scheme 1.
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Stereocontrolled Synthesis of 8,11-Dideoxytetrodotoxin, An Unnatural
Analogue of Puffer Fish Toxin


Toshio Nishikawa, Daisuke Urabe, Kazumasa Yoshida, Tomoko Iwabuchi, Masanori Asai,
and Minoru Isobe*[a]


Introduction


Tetrodotoxin (1, TTX), the principle neurotoxin from the
puffer fish, is one of the most famous and important marine
natural products[1] because of its novel structure[2] and
potent biological activity which may lead to death. Because
the action mechanism has been revealed to be a specific
blockage of voltage-dependent sodium channels responsible
for nerve and muscle excitability, the toxin has been widely
employed as an important biochemical tool in neurophysiol-
ogy.[3] In fact, tetrodotoxin has been indispensable in the
identification/purification of sodium channel proteins.[4]


However, despite extensive efforts such as photoaffinity la-
beling and site-directed mutagenesis, details of the bound
structure have not yet been elucidated[5] because the tertiary
structure of the sodium channel protein has not been eluci-
dated on an atomic level.[6] Modification of tetrodotoxin is
extremely limited because of its complex structure and un-
usual chemical properties. Thus, the structure±activity rela-
tionship of tetrodotoxin has primarily been studied by using
naturally occurring analogues of tetrodotoxin[7] and a few


synthetic derivatives from the natural product.[8±10] These
studies have revealed that the guanidinium group with a
hemiaminal, an ortho ester, and hydroxy groups at C-4 and
C-9 are crucial, while the hydroxy group at C-11 can be
modified without a significant loss of biological activity.
However, the role of the hydroxy group at the C-8 position
in sodium channel inhibition has remained to be solved,
since 8-deoxy analogues of tetrodotoxin have not been avail-
able from natural sources or chemical methods.[11]


In the course of our synthetic studies on tetrodotoxin, we
have completed the asymmetric syntheses of 5,11-dideoxyte-
trodotoxin (4)[12] and 11-deoxytetrodotoxin (2),[13] which has
opened the way to creating new tetrodotoxin analogues for
biological studies (Figure 1).[14,15] To clarify the biological
role of the hydroxy group at the C-8 position, we therefore
synthesized 8,11-dideoxytetrodotoxin (3). Herein, we dis-
close the full details of our synthetic studies of 8,11-dideoxy-
tetrodotoxin (3), which is quite difficult to prepare from nat-
urally occurring tetrodotoxins.[16]


[a] Prof. T. Nishikawa, D. Urabe, K. Yoshida, T. Iwabuchi, Dr. M. Asai,
Prof. M. Isobe
Laboratory of Organic Chemistry
Graduate School of Bioagricultural Sciences
Nagoya University, Chikusa
Nagoya 464±8601 (Japan)
Fax: (+81) 052-789-4111
E-mail : isobem@agr.nagoya-u.ac.jp


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Abstract: 8,11-Dideoxytetrodotoxin, an
unnatural tetrodotoxin analogue, was
synthesized in a highly stereoselective
manner from a common intermediate
from our synthetic studies on tetrodo-
toxin. The key features in the synthesis
were as follows: neighboring group
participation of a trichloroacetamide to


allow regioselective and stereoselective
hydroxylation, protection of a d-hy-
droxylactone as an ortho ester, and


guanidine installation through the use
of Boc-protected isothiourea. Global
deprotection of the fully protected in-
termediate under acidic conditions
gave 8,11-dideoxytetrodotoxin, which
exhibited very weak biological activi-
ties.


Keywords: asymmetric synthesis ¥
ion channels ¥ natural products ¥
tetrodotoxin ¥ total synthesis


Figure 1. Structures of tetrodotoxin and its analogues.
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Results and Discussion


Synthetic plan : Planning was based on the successful synthe-
sis of 11-deoxytetrodotoxin (2).[17] As for tetrodotoxin (1)
and the other related analogues, 8,11-dideoxytetrodotoxin
(3) should be in equilibrium with its 4,9-anhydro derivative
5 in acidic media (Scheme 1). Because the cyclic guanidine


unit with a hemiaminal could be prepared from guanidine
and aldehyde, 6 was considered to be a suitable precursor in
which an intramolecular acetal was designed for protection
of the labile hydroxy group at the C-9 position. The guani-
dine group could be prepared from trichloroacetamide ac-
cording to a method developed in our laboratory,[18] while
the intramolecular acetal would be synthesized from the cor-
responding 1,2-glycol protected as its acetonide. This retro-
synthetic analysis led us to lactone 7 as a key intermediate.
The lactone structure at the C-5 and not the C-7 position
was anticipated to prevent b-elimination of the C-5 hydroxy
group during preparation of the corresponding aldehyde by
cleavage of the 1,2-diol.[19] The lactone intermediate 7 could
be synthesized from a vinyl derivative 8 through cleavage of
the vinyl group followed by installation of a carboxylic acid


equivalent. The vinyl derivative 8 could be synthesized from
the common intermediate 10[20] via an allylic alcohol inter-
mediate 9.


Hydroxylation and functionalization of the cyclohexane
ring : In our previous syntheses of tetrodotoxin analogues,
hydroxylation at the C-8 position of the common intermedi-


ate 10 was accomplished by
neighboring group participation
of trichloroacetamide[12]


(Scheme 2). The trisubstituted
alkene of 10 was brominated to
give diaxial dibromide 11,
which was treated with 1,8-dia-
zabicyclo[5.4.0]undec-7-ene
(DBU) in DMF to give oxazo-
line 13. Hydrolysis under mild
acidic conditions afforded allyl-
ic alcohol 14, a pivotal inter-
mediate for the syntheses of
5,11-dideoxytetrodotoxin and
11-deoxytetrodotoxin. In con-
trast, treatment of the dibro-
mide 11 with K2CO3 in metha-
nol exclusively afforded the
cyclic iminoether 16 instead of
13. The marked difference of


these two reactions might be explained by the regioselective
dehydrobromination of 11[21] whose selectivity was control-
led by the reaction conditions. When DMF was employed as
an aprotic solvent, the acidic NH proton should be abstract-
ed by the base. The resulting anion would then intramolecu-
larly abstract the hindered but proximate axial proton at the
C-8 position leading to the unstable allylic bromide 12,[22]


which would further react with trichloroacetamide in an
SN2’ manner to give the oxazoline 13. In contrast, when the
protic solvent methanol was used, the less hindered axial
proton (at C-5) would be abstracted intermolecularly to gen-
erate another allylic bromide 15,[22] which would undergo an
SN2 reaction with trichloroacetamide to afford 16. Here, we
have established a complete switch from the formation of
oxazoline 13 to the formation of bicyclic iminoether 16 from


Scheme 1. Retrosynthetic analysis.


Scheme 2. Regioselective and stereoselective hydroxylation with neighboring group participation by trichloroacetamide.
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the same intermediate 11 by a
simple change of the basic con-
ditions.


The compound 16 is syntheti-
cally equivalent to 9 in
Scheme 1. In contrast to the hy-
drolysis of oxazoline 13, howev-
er, one-step conversion of 16 to
17 proved difficult. Upon treat-
ment of 16 with the conditions
(pTsOH, Py/H2O, at 70 8C) em-
ployed for the partial hydrolysis
of 13, the starting material 16
was recovered. Forcing condi-
tions gave a mixture of amino
alcohol and recovered 16.
Eventually the desired product
17 was prepared from 16 in
three steps: 1) acid hydrolysis
of the iminoether to give an
amino alcohol, 2) trichloroace-
tylation of both amino and hy-
droxy functions, and 3) methanolysis of the trichloroacetate
(Scheme 3). Epoxidation of allylic alcohol 17 with m-chloro-
perbenzoic acid (MCPBA) gave b-epoxide 18 in 85 % yield
along with a trace amount of the corresponding bis-epoxide.
The configuration of the hydroxy group at the C-7 position
was inverted in two steps by oxidation with pyridinium
chlorochromate (PCC) and subsequent reduction with
NaBH4 to give a-alcohol 19a in 89 % overall yield from
18.[23,24] We initially protected the hydroxy group at the C-7
position as benzyl ether 19b because the protecting group
was expected to be compatible with further transformations
until the final stage of deprotection. For example, in the syn-
thesis of 5,11-dideoxytetrodotoxin,[12] a benzyl ether was em-
ployed as the protecting group for the hydroxy group at the
C-8 position, and was successfully deprotected under hydro-
genolytic conditions. According to the synthesis, a fully pro-
tected 8,11-didexytetrodotoxin 31b (see Scheme 5) was syn-
thesized from 19b. However, deprotection of the benzyl
ether in the later stages proved problematic. Hence, a trime-
thylsilyl (TMS) ether was chosen as the temporary protect-
ing group as was employed in the synthesis of 11-deoxyte-
trodotoxin.[13] The vinyl group of 19c was ozonized upon
treatment with Et3N


[25] to give an unstable aldehyde 20,
while conventional work-up with dimethyl sulfide caused a
partial desilylation of TMS, leading to hemiacetal 21.


Synthesis of lactone intermediate : The epoxy aldehyde 20
was transformed into lactone 26 by an analogous route to
that used in the synthesis of 2 (Scheme 4). The aldehyde 20
reacted with lithium trimethylsilylacetylide to give 22 as a
single diastereomer; use of magnesium acetylide in THF in
place of lithium trimethylsilylacetylide gave decreased dia-
stereoselectivity (ca. 4:1). The configuration of the newly
generated asymmetric center was established to be the un-
desired S from NOESY correlation between H-9 and H-8 of
cyclic ether 23, which was prepared from 22 with K2CO3 in
methanol. The configuration was therefore inverted by oxi-


Scheme 3. a) AcOH, THF, H2O, room temperature; b) CCl3COCCl, Py; c) K2CO3, MeOH; d) MCPBA,
Na2HPO4, CH2Cl2, room temperature; e) PCC, 4-ä MS, CH2Cl2; f) NaBH4, MeOH; g) TMSCl, Et3N, THF;
h) O3, CH2Cl2, �78 8C; Et3N.


Scheme 4. a) TMS-C�C-Li, THF, �78 8C; b) PDC, 3-ä MS, CH2Cl2;
c) NaBH4, CeCl3(H2O)7, MeOH, 0 8C; d) Ac2O, DMAP, Py; H2O;
e) RuCl3¥n H2O, NaIO4, CCl4, H2O, CH3CN; f) PPTS, CH2Cl2; g) K2CO3,
MeOH, 0 8C; h) HIO4¥2 H2O, AcOMe, room temperature; MeOH, reflux.
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dation with PDC followed by Luche reduction[26] to give the
unstable propargyl alcohol 24. The stereoselectivity of these
two nucleophilic addition reactions was very high and can
be uniformly explained by invoking similarly chelated inter-
mediates a and b (Figure 2), in which the acetonide plays an
important role. Nucleophiles such as acetylide or hydride
attack these intermediates from the less hindered front side
as a result of the steric hindrance from the acetonide.


Fortunately, in the Luche re-
duction step, the alkyne TMS
group was immediately re-
moved upon dissolving the
ynone in methanol dried over
3-ä molecular sieves. The re-
sulting product 24 was subject-
ed to acetylation; a small
amount of water drove the in
situ deprotection of the TMS
ether, and the subsequent ace-
tylation gave diacetate 25 in
one pot as a stable product in
good overall yield.[27] The acety-
lenic moiety of 25 was cleaved
with RuO4 under Sharpless con-
ditions[28] to give the corre-
sponding carboxylic acid. Be-
cause spontaneous lactonization
through epoxide opening was
very slow under the conditions
employed, acid treatment was
necessary to afford the lactone
26 in good yield.[29] At this
stage, the S configuration of the
C-9 position was confirmed by
observing NOESY correlation
between H-9 and H-8 as well as
W-shaped long-range coupling (J=1 Hz) between H-9 and
H-4a of 26. Prior to installing the guanidine functionality,
the hydroxy group at the C-9 position was protected as an
intramolecular mixed acetal with the aldehyde at the C-4
position. Selective deacetylation of the C-9 acetate of 26
was carried out by treatment with K2CO3 in methanol at
0 8C, since deacetylation under the conditions (KCN in etha-
nol) used in the synthesis of 11-deoxytetrodotoxin was very
sluggish.[30] Oxidative cleavage of the acetonide[31] was fol-
lowed by acetalization in methanol at reflux to provide a 4:1
separable mixture of 28a and 28b. The C-4 configurations


of 28a and 28b were established to be S and R, respectively,
by examination of the coupling constants between H-4 and
H-4a.[32]


Guanidinylation and deprotection : The guanidine function-
ality was installed in the major isomer 28a according to pro-
cedure used for the successful synthesis of 11-deoxytetrodo-
toxin.[13,18] Thus, the tertiary alcohol of 28a was acetylated,
and the trichloroacetamide group was transformed to benzy-
lurea 29 by heating with benzylamine in the presence of
Na2CO3 in DMF at reflux (Scheme 5). Dehydration with
Ph3P and CBr4 gave carbodiimide 30, which treated with
benzylamine in pyridine at reflux. The resulting dibenzyl-
guanidinium salt was acetylated to afford the corresponding
acetate 31a. Hydrogenolytic deprotection of benzyl groups
in Ac2O gave 32a in good yield. We had believed that a
two-step deprotection of 32a would afford 8,11-dideoxyte-
trodotoxin (3) and its anhydro derivative 5, since deprotec-


tion of the similar compound 32b under the same conditions
proceeded without problems to furnish 11-deoxytetrodotox-
in (2).[13]


However, attempted deacetylation of 32a with aqueous
ammonia in methanol followed by hydrolysis of the acetal
with aqueous trifluoroacetic acid (TFA) gave neither 3 nor
5. Unexpectedly, the product from the methanolysis was re-
vealed to be dihydropyrimidine 33, based on extensive
NMR analyses (HH-COSY, NOESY), FAB-MS, and UV
spectra.[33] The NOESY correlations observed between H-5
and H-7, H-4 and H-11 (methyl), and H-4a and H-9 indicat-


Figure 2. Proposed rationalization for the stereoselectivity of nucleophilic
additions to chelated intermediates a and b.


Scheme 5. a) Ac2O, DMAP, Py; b) BnNH2, Na2CO3, DMF, reflux; c) Ph3P, CBr4, Et3N, CH2Cl2; d) BnNH2¥HCl,
Py, reflux; e) Ac2O, Et3N, Py; f) H2, Pd(OH)2-C, Ac2O; g) NH3 (aq.), MeOH, room temperature; h) TFA,
H2O, room temperature.
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ed the inverted conformation adopted in 33, which was also
supported by the large coupling constant (J=12 Hz) be-
tween H-7 and H-8. The subsequent treatment of 33 with
aqueous TFA gave an unstable product 34, whose structure
was determined by extensive NMR experiments (e.g.,
NOESY and HMBC) and HRMS.


The formation of the unexpected product 33 might be ex-
plained as shown in Scheme 6; methanolysis of the lactone
32a allowed inversion of the cyclohexane conformation,
which enabled the free guanidine group to attack the lac-
tone. This result implies that the hydroxy group at the C-8
position of naturally occurring tetrodotoxins may stabilize
the conformation. Another possible explanation is that the
R configuration of the C-4 position (acetal) of 32b inhibited
the conformational change to the inverted conformation, as
in 33, because of a severe 1,3-diaxal interaction between the
methoxy group at the C-4 position and the 11-methyl
group.[34]


Guanidinylation of ortho ester intermediate and comple-
tion of the synthesis : To overcome the aforementioned
problem, we could protect the lactone as an ortho ester,[35]


which should block the lactone carbonyl from nucleophilic
attack of the guanidine (Scheme 7). Thus, the acetate at the
C-7 position of 28a was hydrolyzed with K2CO3 in methanol
at room temperature to afford the ortho ester 35a, which
was protected as tert-butyldimethylsilyl (TBS) ether 35b.[36]


The presence of the ortho ester moiety instead of the lac-
tone for 35a and 35b was confirmed by observing character-
istic signals (d=109.7, 109.0 ppm) in the 13C NMR spectra.
The trichloroacetamide was reductively removed with (dii-
sobutyl aluminum hydride) DIBAL-H[37] to give the corre-
sponding amine, which was directly guanidinylated with di-
acetyl-S-methylisothiourea[38] in the presence of HgCl2


[39] to
afford diacetylguanidine 36a in 58 % yield from 35b. How-
ever, deprotection of 36a was unsuccessful. On the other
hand, Boc-protected guanidine 36b prepared from 35b with
bis-Boc-S-methylisothiourea[40] was treated with aqueous
TFA to provide 8,11-dideoxytetrodotoxin (3) and 4,9-anhy-
dro-8,11-dideoxytetrodotoxin (5) in 43 % and 32 % yields,


respectively. Owing to the inter-
convertible nature of tetrodo-
toxin and its analogues, 4,9-an-
hydro-8,11-dideoxytetrodotoxin
(5) was equilibrated in 1 %
[D]TFA/D2O to reach a mix-
ture of 8,11-dideoxytetrodotox-
in (3), its 4,9-anhydroderivative
(5), and its 4-epimer in a 7:1:0.8
ratio (from 1H NMR spectro-
scopy). The structures of these
products were confirmed by full
assignment of 1H and 13C NMR
spectra by two-dimensional
NMR experiments including
HMBC. The synthetic 8,11-di-
deoxytetrodotoxin (3) exhibited
significantly weaker sodium
channel inhibition activities rel-


ative to those of 11-deoxytetrodotoxin (2), indicating the im-
portance of the 8-hydroxy group in binding between tetro-
dotoxins and sodium channel proteins.[41]


Conclusion


We have accomplished the synthesis of 8,11-dideoxytetrodo-
toxin (3) in a highly stereoselective manner. This study
should open up a new efficient route for synthesizing tetro-
dotoxin analogues through the use of an ortho ester protect-
ing group and guanidine installation. Total synthesis of te-
trodotoxin 1 along these lines is currently under investiga-
tion.[42]


Experimental Section


General : Melting points were recorded on a Yanaco MP-S3 melting
point apparatus and are uncorrected. Optical rotations were measured on
a JASCO DIP-370 digital polarimeter. Infrared spectra (IR) were record-


Scheme 6. Proposed rationalization for the formation of dihydropyrimidine 33 from 32a and the lack of forma-
tion of the corresponding dihydropyrimidine from 32b.


Scheme 7. Synthesis of 8,11-dideoxytetrodotoxin. a) K2CO3, MeOH, rt;
b) TBSOTf, Py, CH3CN; c) DIBAL-H, CH2Cl2, �78 8C; d) BocN=


C(SMe)NHBoc, HgCl2, Et3N, DMF; e) TFA, MeOH, H2O.
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ed on a JASCO FT/IR-8300 spectrophotometer and are reported in
wavenumbers (cm�1). Proton nuclear magnetic resonance (1H NMR)
spectra were recorded on a Bruker AMX-600 (600 MHz), JEOL A-600
(600 MHz), Bruker ARX-400 (400 MHz), or Varian Gemini-2000
(300 MHz) spectrometer. NMR samples were dissolved in CDCl3,
CD3OD, or D2O, and chemical shifts are reported in ppm relative to tet-
ramethylsilane (d=0.00 ppm) in CDCl3 or in ppm relative to the residual
undeuterated solvent (CD3OH as d=4.78, DHO as d=4.82). Data are
reported as follows: chemical shift, integration, multiplicity (s= singlet,
d=doublet, t= triplet, br=broadened, m=multiplet), coupling constant,
and assignment. Carbon nuclear magnetic resonance (13C NMR) spectra
were recorded on a Bruker AMX-600 (150 MHz), JEOL A-600
(150 MHz), Bruker ARX-400 (100 MHz), or Varian Gemini-2000
(75 MHz) spectrometer. NMR samples were dissolved in CDCl3 or
CD3OD, and chemical shifts are reported in ppm relative to the solvent
(CDCl3 as d=77.0 ppm, CD3OD as d=49.0 ppm). High-resolution mass
spectra (HRMS) were recorded on a JEOL JMS-700 spectrometer and
are reported in m/z. Elemental analyses were performed by the Analyti-
cal Laboratory at the Graduate School of Bioagricultural Sciences,
Nagoya University. Reactions were monitored by thin-layer chromatogra-
phy (TLC) on 0.25-mm silica gel 60 F254 (Merck 1.05715)-coated glass
plates. Cica reagent silica gel 60 (particle size 0.063±0.2 mm ASTM) was
used for open-column chromatography. Preparative thin-layer chromato-
graphic separations were carried out on 0.5-mm silica gel 60 F254


(Merck 1.05774) plates. Unless otherwise noted, nonaqueous reactions
were carried out in oven-dried (120 8C) or flame-dried glassware under
nitrogen atmosphere. Dry THF was distilled from potassium metal with
benzophenone. Dry CH2Cl2 was distilled from CaH2 under nitrogen at-
mosphere. Et3N, pyridine, and 2,6-lutidine were dried over anhydrous
KOH. All other commercially available reagents were used as received.


Cyclic iminoether 16 : K2CO3 (15.0 g) was added to a solution of dibro-
mide 11 (12.3 g, 22.6 mmol) in MeOH (300 mL). After stirring at room
temperature for 15 h, the reaction mixture was poured into an ice-cold
saturated solution of NH4Cl (250 mL). The resulting mixture was extract-
ed with CH2Cl2 (1 î 600 mL and 2î 300 mL), and the combined organic
layer was dried over anhydrous Na2SO4 and concentrated under reduced
pressure. The residue was purified by column chromatography (silica gel
450 g, CH2Cl2 eluant) to afford cyclic iminoether 16 (6.74 g, 78 %) as a
white solid. M.p. 147.5±148.5 8C (as white tiny needles from ether/
hexane); [a]26


D =++164 (c=1.14 in CHCl3); IR (KBr): ñmax=2987, 1668,
1236, 1075, 790 cm�1; 1H NMR (300 MHz, CDCl3): d=1.34 (3 H, s; CH3


of acetonide), 1.36 (3 H, s; CH3 of acetonide), 1.86 (1 H, dd, J=13.5,
3 Hz; CHAHB), 1.90 (3 H, t, J=1.5 Hz; CH=C�CH3), 1.93 (1 H, dd, J=
13.5, 3 Hz; CHAHB), 2.80 (1 H, m; �CH�), 3.52 (1 H, dd, J=9, 7.5 Hz;
O�CH�CHAHB�O), 3.87 (1 H, dd, J=7.5, 5.5 Hz; O�CH�CHAHB�O),
4.11 (1 H, dt, J=9, 5.5 Hz; O�CH�CH2�O), 4.74 (1 H, t, J=3 Hz; O�
CH�C�CH3), 5.21 (1 H, dd, J=10.5, 1 Hz; CH=CHAHB), 5.30 (1 H, dd,
J=17, 1 Hz; CH=CHAHB), 5.68 (1 H, m; CH=CCH3), 6.22 ppm (1 H, dd,
J=17, 10.5 Hz; CH=CH2); 13C NMR (CDCl3, 75 MHz): d=21.2, 25.8,
26.3, 28.5, 47.9, 55.8, 66.1, 73.4, 74.9, 92.7, 108.2, 114.0, 124.8, 133.3, 141.0,
151.9 ppm; elemental analysis calcd (%) for C16H20Cl3NO3: C 50.48, H
5.30, N 3.68; found: C 50.47, H 5.35, N 3.75.


Allylic alcohol 17: A solution of cyclic iminoether 16 (6.74 g, 17.7 mmol)
in THF (150 mL), H2O (75 mL), and AcOH (75 mL) was stirred at room
temperature for 18 h. The reaction mixture was diluted with toluene and
concentrated in vacuo (î 6). The resulting crude aminoalcohol (8.28 g)
was dissolved in pyridine (300 mL), and the solution was cooled to be-
tween �5 and 0 8C. CCl3COCl (5.93 mL, 53.1 mmol) was added dropwise
to this solution, and the ice bath was then removed. After stirring for
10 min, the reaction mixture was cooled to 0 8C and MeOH (2.15 mL,
53.1 mmol) was added dropwise; the ice bath was then removed. After
stirring for 5 min, the reaction mixture was diluted with toluene and con-
centrated in vacuo (î 3). The crude product (20.7 g) was dissolved in
MeOH (300 mL), and K2CO3 (15 g) was added. The mixture was stirred
at room temperature for 1 h, then filtered through a pad of Super-Cel.
The precipitate was washed with MeOH. The combined filtrate was con-
centrated. The residue was dissolved in AcOEt (100 mL), saturated aque-
ous NH4Cl solution (100 mL), and H2O (50 mL), and the resulting solu-
tion was partitioned. The aqueous layer was extracted with AcOEt (3 î
100 mL). The combined organic layer was washed with brine (1 î
300 mL), dried over anhydrous Na2SO4, and concentrated under reduced


pressure. The residue was purified by column chromatography (silica gel
240 g; diethyl ether/hexane, 1:2!3:1) to afford allylic alcohol 17 (5.78 g,
82% over 3 steps from 16) as a yellow amorphous solid. [a]26


D =++90.8
(c=1.08 in CHCl3); IR (KBr): ñmax=3482, 3353, 2982, 1728, 1527, 1063,
854 cm�1; 1H NMR (300 MHz, CDCl3): d=1.34 (3H, s; CH3 of aceto-
nide), 1.43 (3H, s; CH3 of acetonide), 1.82 (3 H, m; CH=C�CH3), 1.84
(1 H, dd, J=13, 9.5 Hz; CHaxHeq), 2.72 (1 H, dq, J=10, 2.5 Hz; �CH�),
3.44 (1 H, dd, J=13, 6 Hz; CHaxHeq), 3.69 (1 H, t, J=8 Hz; O�CH�
CHAHB�O), 4.01 (1 H, ddd, J=10, 8, 6 Hz; O�CH�CH2�O), 4.20 (1 H,
dd, J=8, 6 Hz; O�CH�CHAHB�O), 4.27 (1 H, m; CH�OH), 4.90 (1 H,
m; CH=CMe), 5.32 (1 H, d, J=11 Hz; CH=CHAHB), 5.34 (1 H, d, J=
17.5 Hz; CH=CHAHB), 5.88 (1 H, dd, J=17.5, 11 Hz; CH=CH2),
8.57 ppm (1 H, br s; NH); 13C NMR (CDCl3, 75 MHz): d=19.2, 25.7, 26.6,
39.8, 48.3, 62.0, 68.0, 68.8, 76.1, 93.7, 109.9, 116.5, 119.4, 133.1, 139.5,
160.6 ppm; elemental analysis calcd (%) for C16H22Cl3NO4: C 48.20, H
5.56, N 3.51; found: C 48.34, H 5.74, N 3.62.


b-Epoxide 18 : Na2HPO4 (5.95 g, 41.9 mmol) and MCPBA (80 % purity,
4.80 g, 22.2 mmol) were added to a solution of allylic alcohol 17 (5.55 g,
13.9 mmol) in CH2Cl2 (160 mL). After stirring at room temperature for
7 h, the reaction mixture was poured into ice-cold saturated aqueous
Na2SO3 (200 mL). The resulting solution was partitioned, and the aque-
ous layer was extracted with CH2Cl2 (3 î 100 mL). The combined organic
layer was dried over anhydrous Na2SO4 and concentrated under reduced
pressure. The residue was purified by column chromatography (silica gel
200 g, diethyl ether/hexane, 2:1!3:1) to afford b-epoxide 18 (4.87 g,
85%). M.p. 158±159 8C (as prism from diethyl ether/hexane); [a]26


D =++


34.4 (c=1.01 in CHCl3); IR (KBr): ñmax=3562, 3309, 1716, 1529, 1075,
824 cm�1; 1H NMR (300 MHz, CDCl3): d=1.35 (3 H, s; CH3 of aceto-
nide), 1.45 (3 H, s; CH3 of acetonide), 1.47 (3 H, s; CH3), 1.50 (1 H, dd,
J=13, 11 Hz; CHaxHeq), 1.51 (1 H, d, J=10 Hz; OH), 2.19 (1 H, d, J=
11 Hz; �CH�), 2.53 (1 H, s; epoxidic), 3.36 (1 H, dd, J=13, 6 Hz; CHax-


Heq), 3.87 (1 H, t, J=8 Hz; O�CH�CHAHB�O), 4.07 (1 H, ddd, J=11, 10,
6 Hz; CH�OH), 4.18 (1 H, ddd, J=11, 8, 6 Hz; O�CH�CH2�O), 4.33
(1 H, dd, J=8, 6 Hz; O�CH�CHAHB�O), 5.34 (1 H, d, J=17 Hz; CH=


CHAHB), 5.41 (1 H, d, J=11 Hz; CH=CHAHB), 5.70 (1 H, dd, J=17,
11 Hz; CH=CH2), 8.38 ppm (1 H, br s; NH); 13C NMR (CDCl3, 75 MHz):
d=19.0, 25.5, 26.6, 36.0, 48.9, 59.6, 60.6, 61.5, 68.2, 68.9, 74.9, 93.6, 110.4,
117.9, 132.1, 160.5 ppm; elemental analysis calcd (%) for C16H22Cl3NO5:
C 46.34, H 5.35, N 3.38; found: C 46.35, H 5.40, N 3.42.


a-Alcohol 19a : PCC (4.78 g, 22.2 mmol) was added to a suspension of b-
epoxide 18 (4.58 g, 11.0 mmol) and 4-ä molecular sieves (7.54 g) in dry
CH2Cl2 (150 mL). After stirring at room temperature for 3 h, the reaction
mixture was diluted with Et2O (750 mL), vigorously stirred for 10 min,
and filtered through a pad of Super-Cel. The precipitate was washed with
Et2O, and the combined filtrate was passed through a column packed
with anhydrous Na2SO4 and silica gel and then concentrated. The residue
was dissolved in Et2O, and the solution was again passed through a
column packed with anhydrous Na2SO4 and silica gel and then concen-
trated. The crude ketone (4.36 g) was dissolved in MeOH (150 mL), and
the solution was cooled to 5 8C. NaBH4 (402 mg, 10.6 mmol) was then
added portionwise. After stirring at 5 8C for 25 min, the reaction was
quenched with AcOH (5 mL) and concentrated under reduced pressure.
The residue was suspended with saturated aqueous NaCl (40 mL) and
H2O (10 mL), and extracted with CH2Cl2 (3 î 40 mL). The combined or-
ganic layer was dried over anhydrous Na2SO4 and concentrated under re-
duced pressure. The residue was purified by column chromatography
(silica gel 150 g; diethyl ether/hexane, 1:3!1:1) to afford a-alcohol 19a
(4.08 g, 89% over 2 steps from 18). M.p. 132±134 8C (as tiny needles from
diethyl ether/hexane); [a]26


D =++2.3 (c=0.94 in CHCl3); IR (KBr): ñmax=


3494, 3291, 1713, 1521, 1059, 844 cm�1; 1H NMR (300 MHz, CDCl3): d=
1.35 (3 H, s; CH3), 1.45 (6 H, s; CH3 î 2), 1.98 (1 H, dd, J=15, 5.5 Hz;
CHAHB), 2.16 (1 H, d, J=4.5 Hz; OH), 2.16 (1 H, d, J=10.5 Hz; �CH�),
2.52 (1 H, s, epoxidic), 3.11 (1 H, dd, J=15, 2.5 Hz; CHAHB), 3.86 (1 H, t,
J=8 Hz; O�CH�CHAHB�O), 4.23 (1 H, ddd, J=10.5, 8, 6 Hz; O�CH�
CH2�O), 4.26 (1 H, m, CH�OH), 4.32 (1 H, dd, J=8, 6 Hz; O�CH�
CHAHB�O), 5.23 (1 H, d, J=17 Hz; CH=CHAHB), 5.32 (1 H, d, J=
10.5 Hz; CH=CHAHB), 6.26 (1 H, dd, J=17, 10.5 Hz; CH=CH2),
8.43 ppm (1 H, br s, NH); 13C NMR (CDCl3, 75 MHz): d=18.9, 25.5, 26.6,
36.5, 49.3, 59.0, 59.1, 59.6, 66.9, 68.5, 75.1, 93.6, 110.2, 115.3, 134.7,
160.7 ppm; elemental analysis calcd (%) for C16H22Cl3NO5: C 46.34, H
5.35, N 3.38; found: C 46.34, H 5.43, N 3.41.
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Trimethylsilylether 19c : TMSCl (2.0 mL, 16.1 mmol) was added dropwise
to an ice-cold solution of a-alcohol 19a (3.34 g, 8.05 mmol) and Et3N
(9.0 mL, 64.4 mmol) in THF (100 mL) and the reaction was then allowed
to warm to room temperature. After stirring for 11 h, the reaction mix-
ture was poured into saturated aqueous NaHCO3 (100 mL) and then ex-
tracted with AcOEt (3 î 100 mL). The combined organic layer was
washed with H2O (2 î 200 mL) and brine (200 mL), dried over anhydrous
Na2SO4, and concentrated under reduced pressure. The residue was puri-
fied by column chromatography (silica gel 60 g, AcOEt/hexane, 1:10!
1:5) to afford trimethylsilylether 19c (3.37 g, 86%) as a colorless oil.
[a]25


D =�5.4 (c=0.73 in CHCl3); IR (KBr): ñmax=3331, 1730, 1522, 1253,
849 cm�1; 1H NMR (300 MHz, CDCl3): d=0.17 (9 H, s; TMS), 1.34 (3 H,
s; CH3 of acetonide), 1.35 (3 H, s; CH3), 1.44 (3 H, s; CH3 of acetonide),
1.86 (1 H, dd, J=14.5, 4.5 Hz; CHAHB), 2.14 (1 H, d, J=10.5 Hz; �CH�),
2.46 (1 H, s, epoxidic), 3.07 (1 H, dd, J=14.5, 2.5 Hz; CHAHB), 3.85 (1 H,
t, J=8 Hz; O�CH�CHAHB�O), 4.17 (1 H, m, CH�OTMS), 4.21 (1 H,
ddd, J=10.5, 8, 6 Hz; O�CH�CH2�O), 4.29 (1 H, dd, J=8, 6 Hz; O�
CH�CHAHB�O), 5.17 (1 H, d, J=17 Hz; CH=CHAHB), 5.23 (1 H, d, J=
11 Hz; CH=CHAHB), 6.27 (1 H, dd, J=17, 11 Hz; CH=CH2), 8.33 ppm
(1 H, br s; NH); 13C NMR (CDCl3, 75 MHz): d=�0.1, 19.3, 25.5, 26.6,
35.8, 49.2, 59.1, 59.4, 59.7, 67.7, 68.6, 75.1, 93.8, 110.2, 114.3, 135.1,
160.5 ppm; elemental analysis calcd (%) for C19H30Cl3NO5Si: C 46.87, H
6.21, N 2.88; found: C 46.87, H 6.27, N 2.82.


Aldehyde 20 : A solution of trimethylsilylether 19c (875 mg, 1.80 mmol)
dissolved in CH2Cl2 (30 mL) at �78 8C. Ozone was passed through the
solution for 15 min followed by nitrogen for 15 min. The reaction mixture
was treated with Et3N (2.5 mL, 18.0 mmol) at �78 8C, and stirred at
�78 8C for 20 min. The mixture was poured into ice-cold saturated aque-
ous NaHCO3 (30 mL) and partitioned. The aqueous layer was extracted
with CH2Cl2 (3 î 20 mL); the combined organic layer was dried over an-
hydrous Na2SO4 and concentrated under reduced pressure. The residue
was purified by column chromatography (Merck silica gel 60 N, spherical
neutral, particle size 0.063±0.210 mm, 30 g; AcOEt/hexane, 1:15!1:7) to
afford aldehyde 20 (793 mg, 90%) as a colorless oil. IR (KBr): ñmax=


3372, 1713, 1506, 1254, 846 cm�1; 1H NMR (300 MHz, CDCl3): d=0.15
(9 H, s; TMS), 1.32 (3 H, s; CH3), 1.36 (3 H, s; CH3), 1.40 (3 H, s; CH3),
1.82 (1H, dd, J=14, 3 Hz; CHAHB), 2.89 (1 H, s; epoxidic), 2.95 (1 H, dd,
J=14, 3.5 Hz; CHAHB), 3.22 (1 H, d, J=7 Hz; �CH�), 3.72 (1 H, t, J=
8 Hz; O�CH�CHAHB�O), 4.16 (1 H, dd, J=8, 6 Hz; O�CH�CHAHB�
O), 4.21 (1 H, br t, J=3 Hz; CH�OTMS), 4.27 (1 H, ddd, J=8, 7, 6 Hz;
O�CH�CH2�O), 8.22 (1 H, br s; NH), 9.86 ppm (1 H, s; �CHO);
13C NMR (CDCl3, 75 MHz): d=0.2, 19.1, 25.3, 25.8, 36.9, 41.3, 60.0, 60.7,
63.0, 68.2, 68.4, 75.2, 92.8, 110.2, 160.6, 197.3 ppm.


Propargyl alcohol 22 : nBuLi (1.56m in hexane, 2.90 mL, 4.56 mmol) was
added dropwise to a solution of trimethylsilylacetylene (770 mL,
5.47 mmol) in dry THF (15 mL) at �78 8C. The solution was allowed to
warm to 0 8C and stirred over 10 min. After cooling to �78 8C, aldehyde
20 (446 mg, 0.912 mmol) in dry THF (3 mL) was added dropwise by can-
nula. After stirring at �78 8C for 20 min, the mixture was stirred at
�50 8C for 20 min. The mixture was then poured into ice-cold hydrochlo-
ric acid (0.12m, 38 mL), and extracted with AcOEt (3 î 30 mL). The com-
bined organic layer was washed with H2O (2 î 60 mL) and brine (1 î
60 mL), dried over anhydrous Na2SO4, and concentrated under reduced
pressure. The crude product was used for the next reaction without puri-
fication. 1H NMR (300 MHz, CDCl3): d=0.14 (9 H, s; TMS), 0.27 (9 H, s;
TMS), 1.30 (3 H, s; CH3), 1.42 (3 H, s; CH3 of acetonide), 1.45 (3 H, s;
CH3 of acetonide), 1.88 (1 H, dd, J=15, 4 Hz; CHAHB), 2.16 (1 H, d, J=
10 Hz; �CH�), 2.65 (1 H, s; epoxidic), 3.03 (1 H, dd, J=15, 2.5 Hz;
CHAHB), 3.92 (1 H, t, J=8 Hz; O�CH�CHAHB�O), 4.21 (1 H, m, CH�
OTMS), 4.40 (1 H, dd, J=8, 6 Hz; O�CH�CHAHB�O), 4.95 (1 H, d, J=
5 Hz; HO�CH�C�CTMS), 5.01 (1 H, ddd, J=10, 8, 6 Hz; O�CH�CH2�
O), 5.40 (1 H, d, J=5 Hz; OH), 8.60 ppm (1 H, br s; NH).


Propargyl alcohol 24 : The crude propargyl alcohol 22 (535 mg) was dis-
solved in dry CH2Cl2 (15 mL), and then 3-ä molecular sieves (454 mg)
and PDC (414 mg, 1.10 mmol) were successively added. The mixture was
stirred vigorously at room temperature for 3.5 h and then diluted with
Et2O. After vigorous stirring for 15 min, the resulting mixture was filtered
through a pad of Super-Cel, and the precipitate was washed with Et2O.
The combined filtrate was concentrated to give the crude ynone. The
product was used for the next reaction without purification. 1H NMR
(300 MHz, CDCl3): d=0.15 (9 H, s; TMS), 0.24 (9 H, s; TMS), 1.34 (6 H,


s; CH3 î 2), 1.41 (3 H, s; CH3), 2.33 (1 H, dd, J=14, 6 Hz; CHAHB), 2.38
(1 H, dd, J=14, 6 Hz; CHAHB), 2.62 (1 H, dd, J=7.5, 1.5 Hz; �CH�),
3.02 (1 H, br s; epoxidic), 3.73 (1 H, t, J=8 Hz; O�CH�CHAHB�O), 4.04
(1 H, t, J=6 Hz; CH�OTMS), 4.17 (1 H, dd, J=8, 6 Hz; O�CH�
CHAHB�O), 4.32 (1 H, ddd, J=8, 7.5, 6 Hz; O�CH�CH2�O), 8.15 ppm
(1 H, br s; NH).


A solution of crude ynone (487 mg) dissolved in MeOH (15 mL, dried
over 3-ä molecular sieves) was stirred at room temperature for 25 min
and then CeCl3¥7H2O (412 mg, 1.11 mmol) was added. The solution was
cooled to 0 8C, and NaBH4 (44 mg, 1.16 mmol) was added. Stirring was
continued at 0 8C for 20 min, and then the reaction was quenched with sa-
turated aqueous NH4Cl (20 mL). The mixture was extracted with CH2Cl2


(3 î 20 mL), and the organic layer was dried over anhydrous Na2SO4 and
concentrated. 1H NMR (300 MHz, CDCl3): d=0.19 (9 H, s; TMS), 1.31
(3 H, s; CH3), 1.42 (3 H, s; CH3 of acetonide), 1.45 (3 H, s; CH3 of aceto-
nide), 2.39 (1 H, ddd, J=15.5, 4.5, 1.5 Hz; CHAHB), 2.47 (1 H, d, J=
11 Hz; �CH�), 2.52 (1 H, d, J=1 Hz; epoxidic), 2.49 (1 H, d, J=2 Hz; C�
CH), 3.28 (1 H, dd, J=15.5, 2 Hz; CHAHB), 3.81 (1 H, t, J=8 Hz; O�
CH�CHAHB�O), 4.26 (1 H, m; CH�OTMS), 4.38 (1 H, dd, J=8, 6 Hz;
O�CH�CHAHB�O), 4.58 (1 H, ddd, J=11, 8, 6 Hz; O�CH�CH2�O),
4.64 (1 H, ddd, J=12, 2, 1.5 Hz; CH-C�CH), 5.84 (1 H, d, J=12 Hz;
OH), 7.82 ppm (1 H, br s; NH).


Diacetate 25 : Acetic anhydride (10 mL) and a catalytic amount of
DMAP were added to a solution of the crude propargyl alcohol 24
(422 mg) in pyridine (10 mL). After stirring at room temperature for 1 h,
H2O (20 mL) was added. After stirring at room temperature for an addi-
tional 32 h, the reaction mixture was diluted with toluene and concentrat-
ed in vacuo (î 3). The residue was purified by column chromatography
(silica gel 15 g; AcOEt/hexane, 1:5!1:3 and then silica gel 10 g; AcOEt/
hexane, 1:7!1:5) to afford diacetate 25 (342 mg, 71% over 4 steps from
20) as a yellow amorphous solid. [a]23


D =�22.8 (c=0.89 in CHCl3); IR
(KBr): ñmax=3304, 1750, 1272, 857 cm�1; 1H NMR (300 MHz, CDCl3):
d=1.31 (3H, s; CH3), 1.42 (3 H, s; CH3), 1.46 (3 H, s; CH3), 2.09, (3 H, s;
Ac), 2.14 (3 H, s; Ac), 2.22 (1 H, dd, J=10.5, 2 Hz; �CH�), 2.35 (1 H, dd,
J=15.5, 5 Hz; CHAHB), 2.63 (1 H, d, J=2 Hz; C�CH), 2.71 (1 H, d, J=
2 Hz; epoxidic), 2.78 (1 H, dd, J=15.5, 5.5 Hz; CHAHB), 3.84 (1 H, t, J=
8 Hz; O�CH�CHAHB�O), 4.38 (1 H, dd, J=8, 6 Hz; O�CH�CHAHB�
O), 4.75 (1 H, ddd, J=10.5, 8, 6 Hz; O�CH�CH2�O), 5.23 (1 H, br t, J=
5.5 Hz; CH2�CH�OAc), 5.96 (1 H, d, J=2 Hz; HC�C�CH�OAc),
8.24 ppm (1 H, br s; NH); 13C NMR (CDCl3, 75 MHz): d=17.6, 20.7, 20.8,
25.8, 26.6, 32.8, 48.8, 58.3, 59.5, 60.7, 64.3, 68.1, 69.0, 74.9, 77.2, 78.9, 93.0,
110.4, 161.0, 168.4, 169.8 ppm; elemental analysis calcd (%) for
C21H26Cl3NO8: C 47.88, H 4.97, N 2.66; found: C 47.75, H 4.87, N 2.49.


Cyclic ether 23 : nBuLi (1.56m in hexane, 175 mL, 0.28 mmol) was added
dropwise to a solution of trimethylsilylacetylene (50 mL, 0.33 mmol) in
dry THF (1.0 mL) at �78 8C. The solution was allowed to warm to 0 8C
and was stirred for 10 min, and then cooled to �78 8C again. Aldehyde
20 (27 mg, 0.055 mmol) in dry THF (0.5 mL) was added dropwise by can-
nula to the resultant acetylide solution. After stirring at �78 8C for
20 min, the mixture was allowed to warm to �50 8C. After stirring for
20 min at this temperature, the reaction mixture was poured into ice-cold
water (2 mL). The mixture was extracted with AcOEt (3 î 5 mL). The
combined organic layer was washed with H2O (2 î 15 mL) and brine (1 î
15 mL), dried over anhydrous Na2SO4, and concentrated under reduced
pressure. The resultant crude propargyl alcohol 22 (41 mg) was dissolved
in MeOH (1.5 mL), and K2CO3 (24 mg) was added. After stirring at
room temperature for 45 min, the reaction was quenched with saturated
aqueous NH4Cl (2 mL), and then H2O (1 mL) was added. The mixture
was extracted with CH2Cl2 (3 î 5 mL), and the combined organic layer
was dried over anhydrous Na2SO4 and concentrated under reduced pres-
sure. The residue was purified by column chromatography (silica gel 2 g;
AcOEt/hexane, 3:1) to afford diol 23 (23 mg, 94 % over 2 steps from 20)
as a white solid. 1H NMR (400 MHz, CDCl3): d=1.36 (3 H, s; CH3), 1.45
(3 H, s; CH3 of acetonide), 1.47 (3 H, s; CH3 of acetonide), 2.01, (1 H,
br s; OH), 2.12 (1 H, dd, J=14, 5 Hz; CHAHB), 2.63 (1 H, d, J=2 Hz; C�
CH), 2.70 (1 H, d, J=10.5 Hz; �CH�), 2.98 (1 H, br d, J=14 Hz;
CHAHB), 3.62 (1 H, t, J=7.5 Hz; O�CH�CHAHB�O), 3.64 (1 H, s; CH�
O�CH�C�CH), 3.75 (1 H, br s; CH2�CH�OH), 4.22 (1 H, dd, J=7.5,
6 Hz; O�CH�CHAHB�O), 4.99 (1 H, ddd, J=10.5, 7.5, 6 Hz; O�CH�
CH2�O), 5.66 (1 H, d, J=2 Hz; O�CH�C�CH), 9.22 ppm (1 H, br s;
NH); 13C NMR (CDCl3, 100 MHz): d=23.8, 25.5, 26.9, 39.3, 49.6, 63.9,
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69.1, 72.0, 72.5, 73.9, 74.6, 77.3, 80.4, 84.7, 92.7, 110,2. 162.1 ppm; HRMS
(FAB): m/z calcd for C17H23Cl3NO6 [M++H]: 442.0591; found: 442.0588.


Lactone 26 : RuCl3(H2O)n (45 mg, 0.24 mmol) in H2O (4.5 mL) was
added to a solution of NaIO4 (444 mg, 2.08 mmol) in CH3CN (3 mL) and
CCl4 (3 mL). After stirring at room temperature for 5 min, a solution of
diacetate 25 (308 mg, 0.585 mmol) in CH3CN (2 mL) and CCl4 (2 mL)
was added to the reaction mixture, and then H2O (3 mL) was added.
After stirring at room temperature for 45 min, the reaction mixture was
treated with K2CO3 (322 mg, 2.33 mmol) and iPrOH (3 mL), and then di-
luted with CH2Cl2. After vigorous stirring for 15 min, saturated aqueous
NH4Cl (10 mL) and hydrochloric acid (0.12m, 2 mL) were added. The or-
ganic layer was partitioned and the aqueous layer was extracted with
CH2Cl2 (3 î 15 mL). The combined organic layer was dried over anhy-
drous Na2SO4, and concentrated under reduced pressure. The crude
product was dissolved in CH2Cl2 (8 mL), and pyridinium p-toluenesulfo-
nate (PPTS, 16 mg, 0.064 mmol) was added. After stirring at room tem-
perature for 9 h, the reaction was quenched with saturated aqueous
NaHCO3 (10 mL) and then partitioned. The aqueous layer was extracted
with CH2Cl2 (3 î 10 mL). The combined organic layer was dried over an-
hydrous Na2SO4 and concentrated under reduced pressure. The residue
was purified by column chromatography (silica gel 10 g; AcOEt/hexane,
1:3!1:1) to afford lactone 26 (207 mg, 65% in 2 steps from 25). M.p.
242±243 8C (as prism from diethyl ether/hexane); [a]23


D =�62.4 (c=1.01 in
CHCl3); IR (KBr): ñmax=3488, 3308, 1758, 1221, 854 cm�1; 1H NMR
(300 MHz, CDCl3): d=1.42 (6H, s; CH3 î 2), 1.48 (3 H, s; CH3), 2.10 (3 H,
s; Ac), 2.11 (3 H, s; Ac), 2.36 (1 H, dd, J=15, 4 Hz; CHAHB), 2.74 (1 H,
br d, J=10 Hz; �CH�), 3.33 (1 H, dd, J=15, 2.5 Hz; CHAHB), 3.68 (1 H,
t, J=8 Hz; O�CH�CHAHB�O), 3.95 (1 H, t, J=1 Hz; CH�OCO), 4.32
(1 H, dd, J=8, 5.5 Hz; O�CH�CHAHB�O), 4.65 (1 H, ddd, J=10, 8,
5.5 Hz; O�CH�CH2�O), 5.11 (1 H, m; CH2�CH�OAc), 6.20 (1 H, d, J=
1 Hz; CO�CH�OAc), 8.93 ppm (1 H, br s; NH); 13C NMR (CDCl3,
100 MHz): d=20.6, 20.8, 23.2, 25.9, 26.6, 34.7, 40.0, 56.7, 68.4, 69.1, 69.8,
72.0, 74.3, 81.7, 92.7, 110.8, 161.1, 165.7, 167.4, 169.1 ppm; elemental anal-
ysis calcd (%) for C20H26Cl3NO10: C 43.93, H 4.79, N 2.56; found: C
43.94, H 4.69, N 2.54.


Diol 27: K2CO3 (24 mg, 0.17 mmol) was added to an ice-cold solution of
lactone 26 (184 mg, 0.337 mmol) in MeOH (10 mL). After stirring at 0 8C
for 40 min, the reaction was quenched with saturated aqueous NH4Cl
(10 mL), and then H2O (5 mL) was added. The resulting solution was ex-
tracted with CH2Cl2 (3 î 10 mL), and the combined organic layer was
dried over anhydrous Na2SO4 and concentrated under reduced pressure.
The residue was purified by column chromatography (silica gel 5 g;
AcOEt/hexane, 1:1) to afford diol 27 (136 mg, 80%) as an amorphous
solid. [a]25


D =�14.3 (c=0.82 in CHCl3); IR (KBr): ñmax=3446, 3311, 1732,
1223, 853 cm�1; 1H NMR (400 MHz, CDCl3): d=1.38 (3 H, s; CH3), 1.39
(3 H, s; CH3), 1.45 (3 H, s; CH3), 2.04 (3 H, s; Ac), 2.30 (1 H, s; OH), 2.42
(1 H, dd, J=15, 4 Hz; CHAHB), 2.73 (1 H, br d, J=10 Hz; �CH�), 3.02
(1 H, dd, J=15, 2 Hz; CHAHB), 3.26 (1 H, d, J=4 Hz; OH), 3.65 (1 H, t,
J=8 Hz; O�CH�CHAHB�O), 3.95 (1 H, br s; CH�OCO), 4.26 (1 H, dd,
J=8, 5.5 Hz; O�CH�CHAHB�O), 4.73 (1 H, ddd, J=10, 8, 5.5 Hz; O�
CH�CH2�O), 4.86 (1 H, dd, J=4, 1 Hz; CH�OH), 5.06 (1 H, m; CH2�
CH�OAc), 8.96 ppm (1 H, br s; NH); 13C NMR (CDCl3, 100 MHz): d=


20.8, 23.3, 25.8, 26.7, 34.9, 39.9, 57.2, 68.8, 70.0, 72.4, 74.2, 81.8, 92.8,
110.6, 162.2, 169.1, 170.5 ppm; HRMS (FAB): m/z calcd for
C18H25Cl3NO9 [M+H]+ : 504.0595; found: 504.0563.


Acetal 28a and 28b : HIO4¥2 H2O (42 mg, 0.18 mmol) was added to a sol-
ution of diol 27 (46 mg, 0.091 mmol) in AcOMe (3 mL). After stirring at
room temperature for 3 h, MeOH (1.5 mL) was added. The reaction mix-
ture was heated at reflux for 10 h. After cooling to room temperature, sa-
turated aqueous NaHCO3 (3 mL) and saturated aqueous Na2SO3


(2 drops) were added. The mixture was extracted with AcOEt (5 mL î 3),
and the organic layer was dried over anhydrous Na2SO4 and concentrated
under reduced pressure. The residue was purified by preparative TLC
(CH2Cl2/acetone, 10:1, î 2) to afford acetal 28a (16 mg, 41%) as a white
amorphous solid and acetal 28b (5.3 mg, 13%) as a colorless oil.


Acetal 28a : [a]24
D =++22.1 (c=0.82 in CHCl3); IR (KBr): ñmax=3469,


3364, 1752, 1238, 824 cm�1; 1H NMR (300 MHz, CDCl3): d=1.39 (3 H, s;
CH3), 2.07 (3 H, s; Ac), 2.45 (1 H, br s; OH), 2.59 (1 H, dd, J=16, 5 Hz;
CHAHB), 2.85 (1 H, dd, J=16, 4 Hz; CHAHB), 3.14 (1 H, dd, J=2.5,
1.5 Hz; �CH�), 3.48 (3 H, s; OMe), 4.34 (1 H, dd, J=2.5, 1 Hz; CH�
OCO), 4.87 (1 H, d, J=1.5 Hz; CH�COO), 4.97 (1 H, ddd, J=5, 4, 1 Hz;


CH2�CH�OAc), 5.23 (1 H, s; CH�OMe), 7.97 ppm (1 H, br s; NH);
13C NMR (CDCl3, 100 MHz): d=20.8, 22.8, 29.0, 44.7, 55.9, 58.8, 71.0,
72.3, 80.4, 80.7, 92.4, 105.8, 161.3, 165.5, 170.4 ppm; HRMS (FAB): m/z
calcd for C15H19Cl3NO8 [M+H]+ : 446.0176; found: 446.0147.


Acetal 28b : 1H NMR (300 MHz, CDCl3): d=1.34 (3 H, s; CH3), 2.06
(1 H, dd, J=15.5, 6.5 Hz; CHAHB), 2.09 (3 H, s; Ac), 2.76 (1 H, dd, J=
15.5, 6 Hz; CHAHB), 3.03 (1 H, br s; OH), 3.55 (3 H, s; OMe), 3.67 (1 H,
br dt, J=4, 2 Hz; �CH�), 4.43 (1 H, d, J=1.5 Hz; CH�COO), 4.61 (1 H,
d, J=2 Hz; CH�OCO), 5.18 (1 H, br t, J=6 Hz; CH2�CH�OAc), 5.31
(1 H, d, J=4 Hz; CH�OMe) 6.78 ppm (1 H, br s; NH); 13C NMR (CDCl3,
100 MHz): d=20.9, 22.1, 29.5, 40.1, 57.6, 61.5, 71.6, 75.0, 79.0, 79.9, 92.0,
104.9, 161.4, 165.6, 171.4 ppm; HRMS (FAB): m/z calcd for
C15H19Cl3NO8 [M++H]: 446.0176; found: 446.0186.


Benzylurea 29 : The acetal 28a (66 mg, 0.15 mmol) was dissolved in pyri-
dine (2 mL) and acetic anhydride (2 mL) and a catalytic amount of
DMAP were added. After stirring at room temperature for 13 h, the mix-
ture was diluted with toluene and concentrated in vacuo (î 3). The resi-
due was purified by column chromatography (silica gel 5 g; AcOEt/
hexane, 1:1) to afford diacetate (48 mg, 80 %) as an amorphous solid. A
solution of diacetate (48 mg, 0.098 mmol), Na2CO3 (53 mg, 0.50 mmol),
and BnNH2 (20 mL, 0.20 mmol) in DMF (5 mL) was stirred for 15 min at
reflux. After cooling to room temperature, saturated aqueous NH4Cl
(7 mL) was added. The mixture was extracted with AcOEt (3 î 5 mL),
and the combined organic layer was washed with H2O (2 î 20 mL) and
brine (1 î 20 mL), the solution was dried over anhydrous Na2SO4 and
then concentrated under reduced pressure. The residue was purified by
column chromatography (silica gel 3 g; AcOEt/hexane, 3:1) to afford
benzylurea 29 (41 mg, 88%) as a yellow amorphous solid. [a]26


D =++34
(c=0.93 in CHCl3); IR (KBr): ñmax=3366, 1748, 1653, 1230, 734 cm�1;
1H NMR (400 MHz, CDCl3): d=1.61 (3 H, s; Me), 2.03 (3 H, s; OAc),
2.09 (3 H, s; OAc), 2.64 (1 H, dd, J=16, 5.5 Hz; CHAHB), 2.68 (1 H, m; �
CH�), 2.89 (1 H, dd, J=16, 2.5 Hz; CHAHB), 3.40 (3 H, s; OMe), 4.25
(1 H, dd, J=15, 5.5 Hz; N�CHAHB�Ph), 4.40 (1 H, dd, J=15, 5.5 Hz; N�
CHAHB�Ph), 4,66 (1 H, br t, J=5.5 Hz; NH�Bn), 4.86 (1 H, d, J=2 Hz;
CH�COO), 5.10 (1 H, s; CH�OMe), 5.18 (1 H, dd, J=2.5, 1 Hz; CH�
OCO), 5.23 (1 H, m; CH2CHOAc), 5.43 (1 H, br s; NH), 7.25±7.37 ppm
(5 H, m; aromatic); 13C NMR (CDCl3, 100 MHz): d=17.8, 20.8, 22.0,
30.8, 44.4, 44.7, 56.5, 57.0, 68.9, 77.5, 79.8, 81.8, 106.6, 127.3, 127.4, 128.7,
138.7, 156.9, 166.2, 169.4, 169.6 ppm; HRMS (FAB): m/z calcd for
C23H28N2O9 [M++H]: 477.1873; found: 477.1873.


Carbodiimide 30 : Ph3P (214 mg, 0.819 mmol) was added to a solution of
CBr4 (271 mg, 0.819 mmol) in CH2Cl2 (2 mL). A solution of Et3N
(0.23 mL, 1.6 mmol) and benzylurea 29 (39 mg, 0.082 mmol) in CH2Cl2


(1 mL) were then added to the reaction mixture. After stirring for 35 min
at room temperature, the mixture was diluted with AcOEt and then stir-
red vigorously. The resulting precipitate (Ph3P=O) was removed by filtra-
tion through a pad of Super-Cel. The filtrate was concentrated and puri-
fied by column chromatography (Merck silica gel 60 N, spherical neutral,
particle size 0.063±0.210 mm, 2 g; AcOEt/hexane, 1:1) to afford carbodii-
mide 30 (35 mg, 92%) as a yellow oil. IR (KBr): ñmax=2134, 1742,
1230 cm�1; 1H NMR (400 MHz, CDCl3): d=1.60 (3 H, s; Me), 2.02 (3 H,
s; OAc), 2.03 (3 H, s; OAc), 1.97 (1 H, dd, J=16, 1 Hz; CHAHB), 2.31
(1 H, dd, J=16, 5.5 Hz; CHAHB), 2.56 (1 H, dd, J=2, 1.5 Hz; �CH�),
3.49 (3 H, s; OMe), 4.24 (1 H, d, J=1.5 Hz; CH�COO), 4.42 (1 H, d, J=
14 Hz; N�CHAHB�Ph), 4.46 (1 H, d, J=14 Hz; N�CHAHB�Ph), 5.11
(1 H, m; CH2CHOAc), 5.12 (1 H, s; CH�OMe), 5.18 (1 H, dd, J=2, 1 Hz;
CH�OCO), 7.27±7.39 ppm (5 H, m; aromatic); 13C NMR (CDCl3,
100 MHz): d=17.9, 20.7, 21.9, 33.2, 46.8, 50.0, 56.9, 60.1, 68.9, 78.0, 79.3,
83.3, 106.9, 127.5, 127.7, 128.7, 138.0, 138.6, 166.1, 169.3 ppm (2 peaks).


Dibenzylacetylguanidine 31a : BnNH2¥HCl (53 mg, 0.37 mmol) was added
to a solution of carbodiimide 30 (35 mg, 0.076 mmol) in pyridine (2 mL).
After stirring for 2 h at reflux, the mixture was diluted with toluene and
concentrated in vacuo. The residue was dissolved in pyridine (2 mL) and
acetic anhydride (1 mL) and Et3N (0.2 mL) were added. After stirring for
12 h at room temperature, the mixture was diluted with toluene and con-
centrated in vacuo. The residue was purified by column chromatography
(silica gel 3 g; AcOEt/hexane, 3:1) to afford dibenzylacetylguanidine 31a
(39 mg, 84 % over 2 steps) as a yellow oil. [a]26


D =++28 (c=0.76 in
CHCl3); IR (KBr): ñmax=3383, 1744, 1653, 1229 cm�1; 1H NMR
(400 MHz, CDCl3): d=1.60 (3 H î 1=2, s; Me), 1.62 (3 Hî 1=2, s; Me), 1.95
(3 H î 1=2, s; Ac), 1.98 (3 Hî 1=2, s; Ac), 2.03 (3 H î 1=2, s; Ac), 2.04 (3 Hî


Chem. Eur. J. 2004, 10, 452 ± 462 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 459


Synthesis of Tetrodotoxin Analogues 452 ± 462



www.chemeurj.org





1=2, s; Ac), 2.05 (3 H î 1=2, s; Ac), 2.06 (3 Hî 1=2, s; Ac), 2.30 (1 Hî 1=2, dd,
J=16, 5.5 Hz; CHAHB), 2.45 (1 H î 1=2, t, J=1.5 Hz; �CH�), 2.70 (1 Hî
1=2, dd, J=16, 5.5 Hz; CHAHB), 2.90 (1 Hî 1=2, t, J=1.5 Hz; �CH�), 2.91
(1 H î 1=2, dd, J=16, 3 Hz; CHAHB), 3.00 (1 Hî 1=2, dd, J=16, 3 Hz;
CHAHB), 3.38 (3 H î 1=2, s; OMe), 3.41 (3 H î 1=2, s; OMe), 3.74 (1 Hî 1=2,
d, J=15.5 Hz; CHAHB�Ph), 4.01 (1 H, d, J=15.5 Hz; CHAHB�Ph), 4.09
(1 H, d, J=15 Hz; CHAHB�Ph), 4.21 (1 Hî 1=2, d, J=15 Hz; CHAHB�Ph),
4.33 (1 H î 1=2, d, J=14 Hz; CHAHB�Ph), 4.34 (1 Hî 1=2, d, J=14 Hz;
CHAHB�Ph), 4.83 (1 Hî 1=2, br s; NH), 4.92 (1 Hî 1=2, d, J=1.5 Hz; CH�
OCO), 4.94 (1 H î 1=2, d, J=14 Hz; CHAHB�Ph), 4.98 (1 H î 1=2, d, J=
14 Hz; CHAHB�Ph), 5.06 (1 Hî 1=2, br s; NH), 5.08 (1 H î 1=2, s; CH�
OMe), 5.10 (1 Hî 1=2, m; CH�COO), 5.13 (1 Hî 1=2, d, J=1.5 Hz; CH�
COO), 5.15 (1 H î 1=2, s; CH�OMe), 5.09±5.21 (3 H î 1=2, m; CH�OAc î 2,
CH�OCO), 6.94±7.38 ppm (m; 10 H, aromatic); 13C NMR (CDCl3,
100 MHz): d=17.8, 20.8, 21.1, 21.2, 21.8, 22.0, 29.3, 29.6, 44.7, 44.8, 44.9,
48.6, 48.8, 52.2, 52.3, 56.5, 56.7, 57.2, 57.7, 69.2, 69.5, 77.7, 79.8, 80.0, 80.2,
106.4, 106.7, 106.8, 126.5, 126.8, 126.6, 126.9, 127.4, 127.8, 128.1 128.2,
128.3, 128.6, 128.7, 128.8, 129.2, 129.2, 136.3, 136.8, 140.0, 140.2, 144.4,
166.3, 168.8, 169.0, 169.3, 169.4, 169.6 ppm; HRMS (FAB): m/z calcd for
C32H37N3O9 [M+H]+ : 608.2608; found: 608.2582.


Diacetylguanidine 32a : 20% Pd(OH)2 on carbon (Pearlman×s catalyst,
35 mg) was added to a solution of dibenzylacetylguanidine 31a (35 mg,
0.075 mmol) in acetic anhydride (3 mL), and the reaction flask was filled
with hydrogen. After stirring under atmospheric pressure of hydrogen for
24 h at room temperature, the reaction mixture was filtered through a
pad of Super-Cel and washed with AcOEt. The filtrate was concentrated
in vacuo. The residue was purified by column chromatography (silica gel
3 g; AcOEt/hexane, 2:1) to afford diacetylguanidine 32a (23 mg, 85 %) as
an amorphous solid. [a]25


D =++68 (c=0.81 in CHCl3); IR (KBr): ñmax=


3233, 2935, 1773, 1746, 1617, 1210 cm�1; 1H NMR (400 MHz, CDCl3) d=


1.64 (3 H, s; Me), 2.07 (3 H, s; Ac), 2.09 (3 H, s; Ac), 2.10 (3 H, s; Ac),
2.18 (3 H, s; Ac), 2.54 (1 H, dd, J=16, 5 Hz; CHAHB), 2.89 (1 H, dd, J=
2.5, 1.5 Hz; �CH�), 3.17 (1 H, dd, J=16, 4.5 Hz; CHAHB), 3.42 (3 H, s;
OMe), 5.15 (1 H, d, J=1.5 Hz; CH�COO), 5.18 (1 H, s; CH�OMe), 5.18
(1 H, m; CH�OCO), 5.28 (1 H, m; CH�OAc), 9.68 (1 H, br s; NH),
13.60 ppm (1 H, br s; NH); 13C NMR (CDCl3, 150 MHz): d=17.7, 20.8,
22.1, 24.9, 28.8, 30.1, 45.1, 55.7, 58.1, 69.5, 77.6, 80.0, 80.8, 105.7, 153.7,
166.1, 169.3, 169.4, 172.0, 185.5 ppm; HRMS (FAB): m/z calcd for
C20H27N3O10 [M+H]+ : 470.1775; found: 470,1801.


Dihydropyrimidine 33 : Aqueous NH3 (20 %, 0.3 mL) was added to a sol-
ution of diacetylguanidine 32a (5 mg) in MeOH (0.3 mL) and H2O
(0.6 mL). After stirring for 24 h at room temperature, the reaction mix-
ture was concentrated in vacuo to give crude dihydropyrimidine 33
(6 mg). lH2O


max =237, 210 nm (e=7.28 î 103, 1.06 î 104); 1H NMR (300 MHz,
D2O): d=1.21 (3 H, s; Me), 1.62±1.79 (2 H, m; CH2), 2.69 (1 H, dd, J=
7.5, 4.5 Hz; �CH�), 3.50 (3 H, s; OMe), 3.68 (1 H, br d, J=12 Hz; CH�
CH2), 4.05 (1 H, d, J=7.5 Hz; CH�CH�CMe), 4.60 (1 H, br s; CH�CO�
N), 5.38 ppm (1 H, d, J=4.5 Hz; CH�OMe); HRMS (FAB): m/z calcd
for C12H19N3O6 [M+H]+ : 302.1352, found: 302.1327.


Compound 34 : TFA (0.3 mL) was added to a solution of the crude dihy-
dropyrimidine 33 (6 mg) in H2O (0.6 mL). After stirring for 15 h at room
temperature, the reaction mixture was concentrated in vacuo to give
crude 34 (10 mg). 1H NMR (300 MHz, D2O): d=1.33 (3 H, s; Me), 2.18
(1 H, dd, J=15, 4 Hz; CHAHB), 2.44 (1 H, d, J=15 Hz; CHAHB) 2.91
(1 H, t, J=3.5 Hz; CH�CH�OH), 3.80 (1 H, br d, J=4 Hz; CH2�CH�O),
4.20 (1 H, d, J=3 Hz; CH�OH), 4.71 (1 H, s; CH�CO�N), 5.66 ppm
(1 H, d, J=4 Hz; O�CH�O); HRMS (FAB): m/z calcd for C11H16N3O5


[M++H]: 270.1090; found: 270.1104.


Ortho ester 35a : K2CO3 (15 mg, 0.11 mmol) was added to a solution of
acetal 28a (33 mg, 0.074 mmol) in MeOH (2 mL). After stirring at room
temperature for 1 h, the reaction was quenched with saturated aqueous
NH4Cl (2 mL), and the resulting mixture was extracted with CHCl3


(5 mL î 3). The combined organic layer was dried over anhydrous
Na2SO4 and concentrated under reduced pressure. The residue was puri-
fied by column chromatography (silica gel 2 g; AcOEt/hexane, 4:1) to
afford ortho ester 35a (23 mg, 75 %) as an amorphous solid. [a]27


D =++13.8
(c=0.29 in MeOH); IR (KBr): ñmax=3367, 2925, 1713, 1525, 822 cm�1;
1H NMR (600 MHz, CD3OD): d=1.48 (3 H, s; Me), 2.64 (1 H, d, J=
12 Hz; CHAHB), 2.66 (1 H, d, J=12 Hz; CHAHB), 2.96 (1 H, dd, J=3.5,
1 Hz; �CH�), 3.34 (3 H, s; OMe), 3.76 (1 H, m; CH2�CH�O), 3.78 (1 H,
dd, J=3.5, 1.5 Hz; CH�CH�C�Me), 4.33 (1 H, d, J=1 Hz; CH�C�NH),


5.07 ppm (1 H, s; CH�OMe); 13C NMR (CD3OD, 150 MHz): d=24.8,
28.2, 46.9, 55.7, 60.1, 65.2, 77.7, 77.9, 82.0, 94.1, 108.4, 109.7, 162.3 ppm;
HRMS (FAB): m/z calcd for C13H17Cl3NO7 [M+H]+ : 404.0071; found:
404.0071.


Ortho ether 35b : Ortho ester 35a (23 mg, 0.057 mmol) and pyridine
(30 mL, 0.30 mmol) were dissolved in CH3CN (1 mL), and the solution
was cooled to �40 8C. TBSOTf (40 mL, 0.17 mmol) was added to the solu-
tion, and then the cooling bath was removed. After stirring for 1 h, the
reaction mixture was poured into ice-cold H2O (5 mL), and the resulting
solution was extracted with AcOEt (7 mL î 3). The combined organic
layer was washed with saturated aqueous NH4Cl (20 mL) and brine
(20 mL), dried over anhydrous Na2SO4, and concentrated under reduced
pressure. The residue was purified by column chromatography (silica gel
2 g; AcOEt/hexane, 1:1) to afford ortho ether 35b (27 mg, 93%). M.p.
182±183.5 8C (as tiny needles from diethyl ether/hexane); [a]23


D =�3.0
(c=0.31 in CHCl3); IR (KBr): ñmax=3480, 1719, 1250, 842 cm�1; 1H NMR
(400 MHz, CDCl3): d=0.18 (6 H, s; Si(CH3)2), 0.91 (9 H, s; Si�tBu), 1.62
(3 H, s; CH3), 2.63 (1 H, dd, J=13.5, 2 Hz; CHAHB), 2.80 (1 H, dd, J=3.5,
1.5 Hz; �CH�), 3.06 (1 H, dd, J=13.5, 4 Hz; CHAHB), 3.43 (3 H, s;
OMe), 3.83 (1 H, dd, J=3.5, 2 Hz; �CH�CH�O�C�OSi), 3.88 (1 H, dt,
J=4, 2 Hz; �CH2�CH�O�C�OSi), 4.33 (1 H, d, J=1.5 H, CH�C�OSi),
5.09 (1 H, s; CH�OMe), 7.81 ppm (1 H, br s; NH); 13C NMR (CDCl3,
100 MHz): d=�3.2, �3.1, 17.8, 25.4, 25.7, 26.6, 46.1, 55.4, 58.9, 65.2, 76.0,
76.2, 82.3, 93.0, 106.5, 109.0, 160.9 ppm; HRMS (FAB): m/z calcd for
C19H31Cl3NO7Si [M++H]: 518.0935; found: 518.0911.


N,N’-Bis(tert-butoxycarbonyl)guanidine 36b : Ortho ether 35b (13 mg,
0.026 mmol) was dissolved in CH2Cl2 (1 mL) and the solution was cooled
to �78 8C. DIBAL-H (0.93m in hexane, 0.14 mL, 0.13 mmol) was then
added to this solution. After stirring at �78 8C for 1 h, the mixture was
quenched with AcOEt (0.5 mL), and then allowed to warm to room tem-
perature. Saturated aqueous NH4Cl (5 drops) and Et2O (10 mL) were
added, and the mixture was vigorously stirred for 3 h. Anhydrous Na2SO4


was added, and the mixture was further stirred for 1 h. The resulting mix-
ture was filtered through a pad of Super-Cel, and the precipitate was
washed with Et2O. The combined filtrate was concentrated. The residue
was dissolved in DMF (1 mL), and Et3N (11 mL, 0.077 mmol) and N,N’-
bis(tert-butoxycarbonyl)-S-methylisothiourea (13 mg, 0.045 mmol) were
added. The solution cooled to 0 8C and HgCl2 (13 mg, 0.048 mmol) was
added. After stirring at room temperature for 90 min, AcOEt (5 mL) was
added. After stirring for 1 h, the resulting mixture was filtered through a
pad of Super-Cel with AcOEt, and the combined filtrate was washed
with H2O (20 mL) and brine (20 mL), dried over anhydrous Na2SO4, and
concentrated under reduced pressure. The residue was purified by prepa-
rative TLC (diethyl ether/hexane, 1:1) to afford N,N’-bis(tert-butoxycar-
bonyl)guanidine 36b (14 mg, 85% in 2 steps from 35b) as a white amor-
phous solid. [a]23


D =++31 (c=0.22 in CHCl3); IR (KBr): ñmax=3269, 1729,
1644, 1617, 1351, 1132 cm�1; 1H NMR (400 MHz, CDCl3): d=0.19 (6 H, s;
Si(CH3)2), 0.91 (9 H, s; Si�tBu), 1.44 (9 H, s; Boc), 1.48 (9 H, s; Boc), 1.55
(3 H, s; CH3), 2.30 (1 H, dd, J=14, 3.5 Hz; CHAHB), 3.34 (3 H, s; OMe),
3.37 (1 H, dd, J=14, 2 Hz; CHAHB), 3.41 (1 H, dd, J=3.5, 1.5 Hz; �CH�
), 3.83 (1 H, dd, J=3.5, 2 Hz; CH�CH�O�C�OSi), 3.86 (1 H, m; CH2�
CH�O�C�OSi), 4.11 (1 H, d, J=1.5 Hz; CH�C�OSi), 5.05 (1 H, s; CH�
OMe), 8.67 (1 H, br s; NH), 11.26 ppm (1 H, br s; NH); 13C NMR (CDCl3,
100 MHz): d=�3.3, �3.1, 17.9, 23.6, 25.8, 28.0, 28.2, 29.1, 44.3, 55.2, 56.8,
65.5, 76.3, 76.5, 78.8, 83.0, 83.6, 107.0, 109.1, 152.7, 155.0, 162.5 ppm;
HRMS (FAB): m/z calcd for C28H50N3O10Si [M++H]: 616.3265; found:
616.3237.


8,11-Dideoxytetrodotoxin (3) and 4,9-anhydro-8,11-dideoxytetrodotoxin
(5): N,N’-Bis(tert-butoxycarbonyl)guanidine 36b (13 mg, 0.021 mmol) was
dissolved in MeOH (0.5 mL), H2O (0.5 mL), and TFA (0.5 mL). The sol-
ution was stirred at room temperature for 15 h, and then concentrated
under reduced pressure. The residue was purified by HPLC on a Hitachi-
gel 3013-c column (H+ form, 0.4î 15 cm, 0.025m AcOH) to afford 8,11-
dideoxytetrodotoxin (3) (2.6 mg, 43%) and 4,9-anhydro-8,11-dideoxyte-
trodotoxin (5) (1.8 mg, 32 %) as a white solid.


8,11-Dideoxytetrodotoxin (3): [a]26
D =++1.5 (c=0.065 in 0.05m AcOH);


1H NMR (600 MHz, 4% CD3COOD/D2O) (hemilactal form): d=1.62
(3 H, s; Me-11), 2.17 (1 H, dd, J=13, 4 Hz; H-8a), 2.34 (1 H, d, J=13 Hz;
H-8b), 2.45 (1 H, d, J=9.5 Hz; H-4a), 3.61 (1 H, s; H-9), 4.03 (1 H, br s;
H-7), 4.10 (1 H, br s; H-5), 5.46 (1 H, d, J=9.5 Hz; H-4); (lactone form):
d=1.48 (3 H, s; Me-11), 2.37 (1 H, dd, J=14, 4 Hz; H-8a), 2.42 (1 H, dd,
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J=9.5, 2.5 Hz; H-4a), 2.50 (1 H, br d, J=14 Hz; H-8b), 3.90 (1 H, br s; H-
5), 4.27 (1 H, s; H-9), 4.42 (1 H, br s; H-7), 5.49 ppm (1 H, d, J=9.5 Hz;
H-4); 13C NMR (4 % CD3COOD/D2O, 150 MHz) (hemilactal form): d=
25.6, 36.7, 41.5, 55.6, 68.1, 75.3, 76.2, 78.1, 79.2, 110.9, 156.4; (lactone
form) d=24.7, 34.7, 46.9, 56.1, 72.5, 73.5, 75.2, 78.4, 82.6, 155.8,
176.6 ppm; HRMS (FAB): m/z calcd for C11H18N3O6 [M+H]+ : 288.1196;
found: 288.1198.


4,9-Anhydro-8,11-dideoxytetrodotoxin (5): [a]26
D =++14 (c=0.090 in 0.05m


AcOH); 1H NMR (600 MHz, 4% CD3COOD/D2O): d=1.56 (3 H, s; Me-
11), 2.27 (1 H, dd, J=13, 4 Hz; H-8a), 2.58 (1 H, d, J=13, 1.5 Hz; H-8b),
2.87 (1 H, d, J=3 Hz; H-4a), 4.09 (1 H, dt, J=4, 2 Hz; H-7), 4.15 (1 H,
dd, J=3, 2 Hz; H-5), 4.33 (1 H, s; H-9), 5.42 ppm (1 H, s; H-4); 13C NMR
(4 % CD3COOD/D2O, 150 MHz): d=25.9, 29.5, 42.7, 58.7, 67.7, 77.0,
78.7, 85.2, 89.3, 110.5, 157.4 ppm; HRMS (FAB): m/z calcd for
C11H16N3O5 [M++H]: 270.1090; found: 270.1068.
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Solid-Phase Synthesis of 89 Polyamine-Based Cationic Lipids for DNA
Delivery to Mammalian Cells


Boon-ek Yingyongnarongkul,[a] Mark Howarth,[b] Tim Elliott,[b] and Mark Bradley*[a]


Introduction


Gene therapy represents an important advance in the alter-
native treatment of a variety of diseases of both genetic and
acquired origin. In this process, the corrected exogeneous
genes or portions of a gene are introduced into target cells
to replace defective DNA sequences. The most efficient
method for transfer of DNA into cells is the use of viral vec-
tors.[1] However, there are growing concerns about both the
short- and the long-term risks of viral vectors, the key prob-
lems being the immune response they provoke, which can
even be lethal,[2] the limit on the size of the DNA that can
be introduced, and the difficulty of large-scale production of
virus. There have hence been great efforts to develop a
range of non-viral vectors for gene therapy applications.[3] A
broad range of non-viral delivery systems have been descri-
bed to date, including microinjection,[4] electroporation,[5]


and chemical-based systems such as calcium phosphate,[6]


DEAE-dextran[7] and cationic lipid-mediated transfection.[8]


Of all the non-viral vectors, cationic lipids have shown the
most promise for in vivo applications, based on a combina-
tion of efficiency, stability and lack of toxicity. Since the first
application of cationic lipids in DNA delivery,[9] numerous
cationic lipids have been synthesised. Some of these have
been used in gene therapy clinical trials,[10,11] while many
others have established cationic lipids as the most common
method for the transfection of cell lines in the laboratory.


Transfection of DNA into mammalian cells involves nu-
merous steps.[12] The DNA is first compacted by the cationic
transfection agent; the positively charged transfection com-
plex may then undergo electrostatic interactions with the
negatively charged cell surface. Uptake into the cell seems
to be principally by endocytosis, and a small fraction of the
DNA taken up into endosomes then escapes into the cyto-
sol,[12] where a small fraction enters the nucleus. It is in the
nucleus that the DNA can be transcribed to produce transi-
ent gene expression insert into host chromosomes to pro-
duce stable gene expression or to switch off gene expres-
sion/transcription. The presence of so many steps in the
transfection pathway means that it has been very difficult to
generate strong structure-activity relationships for transfec-
tion compounds, necessitating an empirical approach, which
makes the use of the combinatorial library approach em-
ployed here highly advantageous. One key feature of trans-
fection compounds, however, seems to be the ability to
change the structure of the liposomes from a lamellar phase,
with DNA between lipid bilayers, to an inverted hexagonal
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Abstract: The ability of non-viral gene
delivery systems to overcome extracel-
lular and intracellular barriers is a criti-
cal issue for future clinical applications
of gene therapy. In recent years much
effort has been focused on the develop-
ment of a variety of DNA carriers, and
cationic liposomes have become the
most common non-viral gene delivery
system. Solid-phase synthesis was used
to produce three libraries of poly-
amine-based cationic lipids with diverse


hydrophobic tails. These were charac-
terised, and structure-activity relation-
ships were determined for DNA bind-
ing and transfection ability of these
compounds when formulated as cation-
ic liposomes. Two of the cationic lipids


produced high-efficiency transfection
of human cells. Surprisingly, these two
compounds were from the library with
two headgroups and one aliphatic tail,
a compound class regarded as deter-
gent-like and little investigated for
transfection. These cationic lipids are
promising reagents for gene delivery
and illustrate the potential of solid-
phase synthesis methods for lipoplex
discovery.


Keywords: cationic lipids ¥ combi-
natorial chemistry ¥ gene therapy ¥
non-viral vector ¥ solid-phase syn-
thesis
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phase, with DNA at the centre of hexagonal arrays of lipid
tubes,[13] and this phase transition is believed to promote the
escape of the DNA from the endosomes into the cytosol.
Dioleoyl-l-a-phosphatidylethanolamine (DOPE) is included
as a co-lipid with the cationic lipids used in this study be-
cause it helps to promote this phase transition.[13]


While there are no absolute features for the structure of a
cationic lipid, the cationic lipid generally contains one or
more cationic headgroup(s) attached to one or more hydro-
phobic tail(s), the headgroup often consisting of a guanidini-
um functionality or an amine (primary, secondary, tertiary
or quaternary). The hydrophobic domain is generally a
single- or double-chain hydrocarbon of 12±18 carbon units
in length and can be a straight chain, saturated or unsaturat-
ed, or a steroidal derivative. Combinatorial solid-phase syn-
thesis allows highly efficient production and purification of
diverse libraries of compounds in the search for new thera-
peutic agents.[14] The first reported use of a solid-phase syn-
thesis approach to generate[15] and study structure±activity
relationships[16] of DNA delivery compounds was by Byk.
However, the protected polycationic building blocks had to
be cleaved from the solid support prior to attachment of the
hydrophobic tails. Our work reported here has an advantage
that polyamines are directly attached to–and the cationic
head groups and hydrophobic tails coupled–on the solid
phase. Here we report the synthesis and testing of 89 poly-
amine-based cationic lipids and the isolation of two com-
pounds with high transfection activity and low toxicity. The
two most effective compounds in the library had transfec-
tion activity superior to that of the commercial lipid trans-
fection reagent effectene and merit further investigation.


Results and Discussion


In the search for new efficient cationic liposomes as DNA
carriers, three libraries of transfection agents 1±3 were syn-
thesised. The guanidinium group was selected as the hydro-


philic, positively charged section of the transfection agent,
since it has been shown that compounds containing the gua-
nidinium group are highly efficient for transfection of a vari-
ety of mammalian cell lines.[17] In order that the potential of
these guanidinium-containing headgroups could be explored
fully, they were conjugated to a wide range of hydrophobic
tails: straight-chain and branched-chain tails of 5±18 carbon
units, as well as steroidal bile acids (Table 1).


Synthesis of the polyamine scaffold : The first step was the
construction of a polyamine scaffold, which was used in the
synthesis of all three libraries. An unsymmetrical polyamine
(5) was synthesised, with trifluoroacetyl (Tfa) and (4,4-di-
methyl-2,6-dioxocyclohexylidene)ethyl (Dde) protecting
groups, because of their relative orthogonality (Scheme 1).
The Tfa group has been used specifically to protect primary
over secondary amines[18] and can be removed with aqueous
ammonia[19] or aqueous methanolic K2CO3 solution.[20] The
Dde group was chosen for its ability to react selectively with
primary amines even when used in large excess, while it is
stable to both acidic and basic conditions and can be re-
moved under mild conditions.[21] The initial synthetic strat-
egy was to protect one of the primary amino groups of poly-
amine 4 selectively by treatment with ethyl trifluoroacetate
(1 equiv) (Scheme 1). The crude product was subjected to
treatment with DdeOH (1.2 equiv) to afford, after careful
column chromatography, polyamine 5 (61% yield). This or-
thogonally protected polyamine 5 was treated with linker 6
to afford 7 in high yield. To attach the polyamine scaffold 7
onto aminomethyl resin, the Aloc protecting group was
cleaved by treatment with [Pd(PPh3)4], with thiosalicylic
acid as the nucleophilic scavenger.[22] This afforded the cor-
responding acid 8, which was attached onto aminomethyl
resin by a standard DIC coupling strategy to give 9.


Synthesis of guanidinium-containing transfection agents


Library 1: The first library contained compounds with one
guanidinium polar headgroup and one hydrophobic tail (1)
and was synthesised as shown in Scheme 2. Starting from
polyamine scaffold-bound resin 9, the Dde protecting group
was removed by treatment with hydrazine in DMF (5%).
Several methods and reagents for the conversion of an
amine to a guanidine to generate the guanidine functionality
were investigated. The most commonly used reagents in-
clude S-alkylisothiouronium salts,[23] N,N’-bis(alkoxycarbon-
yl)-protected S-alkylisothiourea derivatives,[24] pyrazole-1-
carboxamidine hydrochloride,[25] di(benzotriazol-1-yl)metha-
nimine[26] and di(imidazol-1-yl)methanimine.[27] In this case,
the S-alkylisothiouronium salt was observed to be the most
reactive. Resin 9 was thus deprotected before treatment
with N,N’-bis(tert-butoxycarbonyl)-S-methylisothiourea
(4 equiv) to afford 10 (a ninhydrin test was negative, show-
ing that there was no primary amine group present). The
Tfa group was removed with 1m KOH/THF/MeOH (4:3:1),
and various aliphatic carboxylic acids were coupled to the
free amine, to give compounds 11. The products were ob-
tained in yields of 76±100% after cleavage from the resin
with a cocktail of TFA/CH2Cl2/H2O/thioanisole (8:0.5:0.5:1).
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Spectroscopic characterisation of these groups of com-
pounds was achieved by NMR (1H, 13C, 1H±1H COSY, 1H±
13C COSY and HMBC), to provide the connections of the
polyamines to the guanidine and carboxylic acids. Thus, H-8
showed a cross-peak with the guanidine carbon, whereas H-
2 showed a cross-peak with the carbonyl carbon, which also
correlated to H-2’ and H-3’ (Figure 1).


Library 2 : The second library
contained compounds with two
guanidinium polar headgroups
and one hydrophobic tail (2)
and was synthesised as shown
in Scheme 3 and Scheme 4.
Acid 13 was synthesised in high
yield (95%) by treatment of
N1,N9-bis-(Dde)-norspermidine
12 with succinic anhydride
(Scheme 3). Compound 12 was
a by-product from the prepara-
tion of the asymmetric protect-
ed polyamines 5 (Scheme 1) or
was obtained simply by treat-
ment of norspermidine 4 with
DdeOH (2.2 equiv). Resin 14,
obtained by treatment of resin
9 with hydrazine in DMF
(5%), was treated with acid 13
(2 equiv) in the present of DIC
(2 equiv), HOBt (2 equiv) and
DMAP to give polyamine scaf-
fold 15 (Scheme 4). The Dde
protecting groups were selec-
tively removed as described
above. The two free amine
groups were then converted
into the guanidinium function-
ality as described for library 1.
After removal of the trifluoroa-
cetyl protecting group with
aqueous methanolic base, a
range of acids were coupled to
the free amino group. The
products were obtained in good
yield (54±98% pure) after
cleavage from the solid support
(Scheme 4).


Structure elucidation of 2
was achieved as follows
(Figure 2). The methylene pro-
tons (H-8’’) correlated with the
guanidine carbons by HMBC.
The protons H-8’’, H-7’’ and H-


6’’ were assigned by 1H±1H COSY. The H-2’ and H-3’ proton
signals exhibited cross-peaks to the carbonyl signal (C-1’),
which also correlated with H-2 in the HMBC experiment.
Protons H-2, H-3 and H-4 were confirmed by a 1H±1H


Table 1. Structures of the hydrophobic tails used in the library of cationic lipids.


Compound R group Compound R group


x.1 x.2


x.3 x.4


x.5 x.6


x.7 x.8


x.9 x.10


x.11 x.12


x.13 x.14


x.15 x.16


x.17 x.18


x.19 x.20


x.21 x.22


x.23 x.24


x.25 x.26


x.27 x.28


x.28 x.30


x.31


Figure 1. Arrows showing observed 1H±13C correlation from HMBC spec-
tra of compounds from library 1.


Figure 2. The arrows show 1H±13C correlation from HMBC spectra from
compound library 2.
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COSY experiment. Proton H-8
showed a cross-peak to C-1’’,
while the H-2’’ and H-3’’ signals
also correlated with this car-
bonyl carbon.


Library 3 : The third library
contained compounds with one
guanidinium polar head group
and two hydrophobic tails (3)
and was synthesised as shown
in Scheme 5. The trifluoroacetyl
group on compound 10 (see
Scheme 2) was removed (1m
KOH/THF/MeOH 4:3:1) and
the resulting resin was treated
with acid 13 to give resin 17.
The two Dde protecting groups
were removed (N2H4/DMF,
5%) and the resulting product
was coupled with a range of
acids to afford compounds 18.
Compound 3 was obtained after
treatment of 18 with a solution
of TFA/CH2Cl2/H2O/thioanisole
(8:0.5:0.5:1). The structure of 3
was again confirmed by 1D and
2D NMR techniques. The hy-
drophobic tails of all the trans-
fection agents prepared are
shown in Table 1.


Derivatives with tails 1 to 31
were prepared for Libraries 1
and 2. However, for Library 3
only derivatives with tails 1 to
27 were synthesised, as treat-
ment with the steroidal groups
produced multiple products.


Data for all library members
is given in the Supporting Infor-
mation.


DNA binding affinities : The
relative binding affinities of the
transfection agents for DNA
were evaluated to determine
whether transfection activities
correlated with DNA binding.
Relative binding affinities were
assessed in two ways: i) a gel re-
tardation assay[28] (Figure 3)
and ii) an ethidium bromide dis-
placement assay[29] (Table 2).


For the gel retardation assay,
compounds were mixed with
plasmid DNA at ratios of 1:5
and 1:20 (DNA/sample, w/w)
and loaded onto an agarose gel
(Figure 4). All compounds con-


Scheme 1. Reagents and conditions: a) Ethyl trifluoroacetate (1 equiv), MeOH, �78 8C, 1 h, 0 8C, 4 h; b) 2-ace-
tyldimedone (1.2 equiv), CH2Cl2, 12 h, two steps 61%; c) linker 6 (1.2 equiv), DMF, 12 h, 88%; d) [Pd(PPh3)4]
(0.1 equiv), thiosalicylic acid (4 equiv), CH2Cl2/THF (1:1), 2 h, 72%; e) aminomethyl polystyrene resin, DIC
(1.5 equiv), HOBt (1.5 equiv), CH2Cl2, 12 h.


Scheme 2. Reagents and conditions: a) Hydrazine/DMF (5%), 2 h; b) N,N’-bis(tert-butoxycarbonyl)-S-methyli-
sothiourea (4 equiv), pyridine, THF, 12 h; c) 1m KOH/THF/MeOH (4:3:1), 2 h; d) carboxylic acids (4 equiv),
DIC (4 equiv), HOBt (4 equiv), CH2Cl2, 2 h; e) TFA/CH2Cl2/H2O/thioanisole (8:0.5:0.5:1), 2 h.


Scheme 3. Reagents and conditions: a) Succinic anhydride (1.1 equiv), pyridine (1.1 equiv), CH2Cl2, 1 h, 95%.
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taining a tail of fewer than nine carbons bound poorly to
DNA. In libraries 2 and 3, the chain length of the hydropho-
bic tail required for DNA binding (9±18 carbons) was less


than that of library 1 (14±18
carbons). In library 2, in con-
trast with library 1, the steroids
were able to bind DNA. The
steroids bearing hydroxy groups
in library 2 (2.28, 2.29 and 2.31)
bound DNA more efficiently
than the steroid bearing car-
bonyl groups (2.30).


The ethidium bromide dis-
placement assay was based on
the displacement of ethidium
bromide (0.125 mg) from its in-
tercalation site in DNA (0.5 mg)
by the cationic lipids, and the
decrease in fluorescence meas-
ured (lexcit = 485 nm, lemiss =


590 nm) after 1 minute of equi-
libration, and the weight ratio
(lipid/DNA) at which 50% of
the ethidium bromide was dis-
placed from the DNA (WR50)
determined (Table 2). WR50


values greater than 3 indicate
weak binding to DNA and
these compounds were exclud-
ed from the table. There was
good correspondence between
DNA binding affinity from


ethidium bromide displacement and from the gel electro-
phoresis assay (Figure 3). Again, compounds with a hydro-
phobic tail of fewer than nine carbons bound weakly to


Scheme 4. Reagents and conditions: a) Acid 13 (2 equiv), DIC (2 equiv), HOBt (2 equiv), CH2Cl2, DMAP (0.1 equiv), 2 h; b) hydrazine/DMF (5%), 2 h;
c) N,N’-bis(tert-butoxycarbonyl)-S-methylisothiourea (4 equiv), pyridine, THF, 2 h; d) 1m KOH/THF/MeOH (4:3:1), 2 h; e) carboxylic acids (4 equiv),
DIC (4 equiv), HOBt (4 equiv), CH2Cl2, 2 h; f) TFA/CH2Cl2/H2O/thioanisole (8:0.5:0.5:1), 2 h.


Scheme 5. Reagents and conditions: a) 1m KOH/THF/MeOH (4:3:1), 2 h; b) acid 13 (1.7 equiv), DIC
(2 equiv), HOBt (2 equiv), CH2Cl2, 2 h; c) hydrazine/DMF (5%), d) carboxylic acids (4 equiv), DIC (4 equiv),
HOBt (4 equiv), CH2Cl2, 2 h; e) TFA/CH2Cl2/H2O/thioanisole (8:0.5:0.5:1), 2 h.
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DNA. Library 2 generally had higher binding affinity than
libraries 1 and 3. Nearly all the steroid-containing samples
showed poor DNA binding. Compounds containing a
straight chain were more effective at binding DNA than
compounds containing a branched chain of the same length
(3.17 versus 3.18, 2.19 versus 2.20 or 2.21). Conflicting data
about the ideal lipid chain length have been obtained previ-
ously,[30±32] but the consensus is that tails shorter than 12 car-
bons are unable to form lipid bilayers and thus do not inter-
act well with DNA.


Transfection results : The cationic lipids that bound DNA
(from the binding affinity assays) were used to study trans-
fection of mammalian cell lines. Typically, cationic liposomes


Figure 3. Gel electrophoresis assay of the mixtures of plasmid DNA and cationic lipids at 1:5 (a) and 1:20 (b) weight ratios. Lanes marked C contained
DNA alone and were used as a control. The presence of a lower band shows that the DNA has migrated and so has not been bound by the transfection
compound.


Table 2. WR50 values from the ethidium bromide displacement assay.
Values for all other compounds were greater than 3, indicating poor
DNA binding.


Compound WR50


(lipid/
DNA)


Compound WR50


(lipid/
DNA)


Compound WR50


(lipid/
DNA)


1.24 1.08 2.20 2.16 3.17 0.73
1.25 0.67 2.21 1.14 3.20 2.36
1.26 1.69 2.22 1.25 3.21 2.43
1.27 0.95 2.23 0.81 3.22 2.10
1.31 1.70 2.24 0.63 3.23 1.88
2.16 1.91 2.25 0.77 3.24 2.45
2.17 1.71 2.26 0.78 3.25 2.41
2.18 2.59 2.27 0.51 3.27 1.98
2.19 2.54 2.31 1.32
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50 mL (20 mgmL�1 in ethanol) and DOPE 50 mL (20 mgmL�1


in chloroform) were mixed and the organic solvent was re-
moved under a stream of nitrogen. The resulting thin film
was dried under high vacuum (>2 h). The thin film was hy-
drated with 100 mL phosphate-buffered saline (PBS). The
soution was vortexed (1 min) and sonicated (2î15 min) in a
bath-type sonicator to form the liposomes. The resulting so-
lution was stored at 4 8C for 24 h before use. The transfec-
tion activities of cationic liposomes were evaluated in com-
parison with the commercially available transfection reagent
effectene by use of b-galactosidase as a reporter gene, the
transfection activity of each cationic liposome being report-


ed as a percentage of that of the effectene control. Figure 4
displays the data generated by employment of a plasmid en-
coding b-galactosidase (100 ng/well) at DNA/cationic lipid
ratios (w/w) of 1:10 and 1:20. Most of the compounds in li-
brary 1 and 3 bearing one guanidinium group did not medi-
ate transfection under these conditions. However, several
compounds from library 2, containing two guanidinium


headgroups, caused much higher levels of protein expres-
sion. Compounds 2.24 and 2.27 gave transfection levels of
117% and 105%, respectively. Compounds 2.23, 2.25, 2.26,
3.23 and 3.27 were also identified as active transfection
agents, but the levels of gene expression were lower than
those for 2.24 and 2.27. DNA±liposome complexes need a
net positive charge for high transfection efficiencies,[33] al-
though the activity decreases when the lipid ratio is too
high, due to cytotoxicity[9,33] Most of the compounds in li-
brary 2 had charge ratios lower than 15. DNA/cationic lipid
of lower charge ratios (<15) gave better transfections than
those of higher charge ratios (Figure 5). The steroidal com-
pound 2.30 was an exception, with transfection activity only
at the higher charge ratios (>20). These compound libraries
did not show significant transfection activity when DOPE
was omitted (data not shown).


The most active compounds in transfection, 2.24 and 2.27,
were two of the compounds with the highest affinity for
DNA as measured by the ethidium bromide displacement
assay. No correlation was found between the measured
transfection activity or DNA binding and the hydrophobici-
ty of the compound (cLogP) (as estimated from ChemDraw
Ultra, data not shown).


Transfection compound toxicity : To assess the relationship
between cytotoxicity and gene expression efficiency, the tox-
icity of the two cationic lipids (2.24 and 2.27) most active in
transfection was examined by measuring changes in cell
metabolic activity (MTT assay)[34] and by induction of cell
death by trypan blue exclusion[35] after transfection
(Figure 6). The IC50 values of most complexes were 30 mm,
two times higher than the concentrations used for transfec-
tion. The exception was compound 2.27 which had an IC50


of approximately 8mm in the presence of DNA (but in the
absence of DOPE). Effectene was slightly more toxic than
compounds 2.24 and 2.27 in the MTT assay (data not
shown). The effect of the transfection compounds on cell
death, as assessed by trypan blue assay, was much less than
their effect on metabolic activity (Figure 6b). The com-
plexes from 2.24 and 2.27 exhibited minimal toxicity and
this was not greatly changed by inclusion of DOPE as a co-
lipid. Thus, overall, compounds 2.24 and 2.27 can produce
high levels of transfection without inducing significant cell
death, although there is a reduction in metabolic activity.
This reduction in metabolic activity is also observed in other
commercial transfection reagents and should not limit the
application of these compounds.


Conclusions


It is surprising that the compounds in library 2, with two
headgroups and one tail, showed the highest transfection ac-
tivities, since most cationic lipid transfection compounds
(e.g., N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammoni-
um methylsulfate (DOTAP), N-[1-(2,3-dioleyloxy)propyl]-
N,N,N-trimethylammonium chloride (DOTMA), (+ )-N-(2-
hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1-propa-
naminium bromide (DMRIE)) have two aliphatic tails.[8]


Figure 4. Relative transfection activities (%) of each library of cationic
lipids relative to effectene. Cationic lipids were mixed with plasmid DNA
(b-Gal, 0.1 mgmL�1 per well) at weight ratios (DNA/cationic lipid) of 1:10
and 1:20 and used for transfection of 293T cells.
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Cationic detergents have also
been shown to condense
DNA.[36] Detergents have a
much higher water solubility
than cationic lipids, release
their DNA rapidly and kill cells
and consequently cannot be
used as transfection agents.[37]


A previous study with lipo-
somes made of DOPE com-
bined with a compound con-
taining a single aliphatic tail
produced a high degree of tox-
icity even after three hours of
exposure,[38] which was not ob-
served with any of the com-
pounds in library 2, suggesting
that investigation of further
compounds containing one ali-
phatic tail for their transfection
potency is warranted.


The generation of com-
pounds with transfection abili-
ties similar to or greater than
those of a widely used commer-
cial reagent suggests that this


class of compound has significant potential for overcoming
gene transfer difficulties in vitro and possibly in vivo. Fur-
ther work will investigate the effect of compound formula-
tion and examine the varying susceptibilities of different cell
types (e.g., B cells, dendritic cells, fibroblasts) to transfection
by different members of these libraries.


Experimental Section


General information : NMR spectra were recorded on a Bruker AC 400
spectrometer operating at 400 MHz for 1H and 100 MHz for 13C. All cou-
pling constants (J values) were measured in Hz. ES mass spectra were re-
corded with a VG Platform Quadrupole Electrospray Ionisation mass
spectrometer. High-resolution electrospray mass spectra were recorded
on a Bruker Apex III FT-ICR mass spectrometer. Infra-red spectra were
recorded on a BioRad Golden Gate FTS 135 Paragon 1000. Reversed-
phase analytical HPLC (RP-HPLC) was performed on a Hewlett Pack-
ard HP1100 Chemstation, with a Phenomenex C18 prodigy 5m (150 mmî
3.0 mm i.d.) column. Thin layer chromatography (TLC) was performed
on Alugram SIL G/UV/254 precoated plates. Bands were visualised
under UV light. Column chromatography was carried out on SiO2. All re-
actions were carried out at room temperature unless otherwise stated.


N1-(Trifluoroacetyl)-N9-1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl-
norspermidine (5) and N1,N9-bis-1-(4,4-dimethyl-2,6-dioxocyclohexylide-
ne)ethyl-norspermidine (12): A solution of ethyl trifluoroacetate (1 equiv,
5.30 mL, 44.54 mmol) in MeOH (20 mL) was added dropwise at �78 8C
over 1 h to a stirred solution of norspermidine (4) (1 equiv, 5.85 g,
44.58 mmol) in MeOH (30 mL) and the system was left to stir at 0 8C for
4 h. The solvent was removed under reduced pressure and the residue
was co-evaporated with CH2Cl2 (2î50 mL) to remove trace amounts of
MeOH. The crude product was dissolved in CH2Cl2 (50 mL), 2-acetyldi-
medone (1.2 equiv, 9.75 g, 53.5 mmol) was added, and the reaction mix-
ture was left to stir overnight. The solvent was evaporated to dryness and
the crude product was purified by chromatography on silica gel, with elu-
tion with CH2Cl2/MeOH (95:5 to 93:7), to afford 12 (3.89 g, 19%) and 5
(10.68 g, 61%) as viscous oils.


Figure 5. Relative transfection activities (%) of cationic lipids (selected from Figure 4) at lower (grey bar) and
higher (black bar) charge ratios.


Figure 6. Toxicity of the two most active compounds used for transfection
of 293T cells. These two compounds were tested for reduction in meta-
bolic activity (MTT assay) and induction of cell death (trypan blue). De-
terminations were performed after 24 h incubation with medium contain-
ing the complexes (0.1 mg DNA/100 mL).
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Compound 12 : Rf = 0.30 (CH2Cl2/MeOH 9:1); 1H NMR (400 MHz,
CDCl3): d = 1.05 (s, 12H; 2î(C(CH3)2), 1.87 (tt, 3J(H,H) = 7, 7 Hz,
4H; CH2CH2NHCH2CH2), 2.37 (s, 8H; COCH2), 2.57 (s, 6H; C=CCH3),
2.76 (t, 3J(H,H) = 7 Hz, 4H; CH2NHCH2), 3.51 (m, 4H; 2îCH2NH�
Dde), 13.44 (br s, 2H; NH�Dde) ppm; 13C NMR (CDCl3, 100 MHz): d =


18.3 (C=CCH3), 28.6 (C(CH3)2), 29.7 (CH2CH2NHCH2CH2), 30.5
(C(CH3)2), 41.7 (CH2NH�Dde), 47.2 (CH2NHCH2), 53.2 (COCH2), 108.3
(C=CCH3), 174.0 (C=CCH3), 198.4 (C=O) ppm; IR (CH2Cl2): ñ =


1628 cm�1 (C=O); MS (ES+): m/z (%): 460.4 (100) [M+H]+; HRMS
(ES+): m/z : calcd for C26H42N3O4 [M+H]+: 460.3170; found: 460.3172.


Compound 5 : Rf = 0.26 (CH2Cl2/MeOH 9:1); 1H NMR (400 MHz,
CDCl3): d = 1.05 (s, 6H; C(CH3)2, 1.75±1.92 (m, 4H;
CH2CH2NHCH2CH2), 2.39 (s, 4H; COCH2), 2.59 (s, 3H; C=CCH3), 2.77
(t, 3J(H,H) = 7 Hz, 2H; CH2CH2CH2NHDde), 2.84 (t, 3J(H,H) = 6 Hz,
2H; TfaNHCH2CH2CH2), 3.52 (m, 4H; NH(CH2CH2CH2)2), 5.03 (br s,
2H; NH), 13.45 (br s, 1H; NH�Dde) ppm; 13C NMR (CDCl3, 100 MHz):
d = 18.2 (C=CCH3), 27.8 (TfaNHCH2CH2), 28.6 (C(CH3)2); 29.4
(CH2CH2NHDde); 30.5 (C(CH3)2); 39.9 (TfaNHCH2); 41.6
(CH2NHDde), 47.1 (CH2CH2CH2NHDde); 48.6 (TfaNHCH2CH2CH2);
53.2 (COCH2); 108.4 (C=CCH3); 116.5 (q, 1J = 288 Hz; CF3�CONH),
157.6 (q, 2J = 36 Hz, CF3�CO�NH), 174.0 (C=CCH3), 198.5 (CO�
Dde) ppm; IR (CH2Cl2): ñ = 1717 cm�1 (C=O); MS (ES+): m/z (%):
392.3 (16) [M+H]+; HRMS (ES+): m/z : calcd for C18H29F3N3O3 [M+H]+:
392.2156; found: 392.2145.


N1-1-(4,4-Dimethyl-2,6-dioxocyclohexylidene)ethyl-N5-(4-(allyloxycarbo-
nylmethoxy)phenyl-methoxycarbonyl)-(N9-trifluoroacetyl)-norspermidine
(7): Compound 5 (1 equiv, 5.42 g, 13.85 mmol) was dissolved in DMF
(10 mL), linker 6 (1.2 equiv, 6.43 g, 16.62 mmol) was added, and the reac-
tion mixture was stirred overnight. It was then poured into KHSO4 (1m,
100 mL) and extracted with EtOAc (2î100 mL). The combined organic
layers were washed with water, dried over Na2SO4 and evaporated to
dryness. The crude product was purified on silica gel, with elution with
CH2Cl2 to CH2Cl2/MeOH (97:3), to afford the desired product 7 (7.77 g,
88%). Rf = 0.37 (CH2Cl2/MeOH 20:1); 1H NMR (400 MHz, CDCl3): d
= 0.96 (s, 6H; C(CH3)2), 1.69 (br s, 2H; TfaHNCH2CH2), 1.83 (br s, 2H;
DdeHNCH2CH2), 2.29 (s, 4H; 2îCOCH2�Dde), 2.42 (s, 3H; C=CCH3),
3.18±3.35 (m, 8H; N(CH2CH2CH2)2), 4.59 (s, 2H; OCH2C6H4), 4.63 (m,
2H; OCH2CH=CH2), 5.02 (s, 2H; C6H4OCH2CO), 5.18±5.30 (m, 2H;
OCH2CH=CH2), 5.85 (m, 1H; OCH2CH=CH2), 6.81 (d, 3J(H,H) = 9 Hz,
2H; ArH), 7.22 (d, 3J(H,H) = 9 Hz, 2H; ArH), 7.93 (br s, 1H; NH�Tfa),
13.44 (br s, 1H; NH�Dde) ppm; 13C NMR (CDCl3, 100 MHz): d = 18.3
(C=CCH3), 27.3 (TfaHNCH2CH2), 28.3 (DdeHNCH2CH2), 28.6
(C(CH3)2), 30.5 (C(CH3)2), 36.4 (TfaHNCH2), 41.1 (TfaHNCH2CH2CH2),
44.3 (DdeHNCH2), 44.5 (DdeHNCH2CH2CH2), 53.2 (COCH2�Dde), 65.7
(OCH2C6H4), 66.3 (OCH2CH=CH2), 67.8 (C6H4OCH2CO), 108.4 (C=
CCH3), 115.2 (CHarom), 115.8 (OCH2CH=CH2), 119.6 (OCH2CH=CH2),
129.8 (Carom), 130.6 (CHarom), 131.8 (Carom), 158.3 (C=O amide), 168.8 (C=
O ester), 174.1 (C=CCH3), 198.4 (C=O�Dde) ppm; IR (CH2Cl2): ñ =


1757, 1718 cm�1 (C=O); MS (ES+): m/z (%): 639.9 (100) [M+H]+, 661.9
(70) [M+Na]+; HRMS (ES+): m/z : calcd for C31H40F3N3O8Na [M+Na]+:
662.2659; found: 662.2641.


N1-1-(4,4-Dimethyl-2,6-dioxocyclohexylidene)ethyl-N5-(4-(carboxyme-
thyl)phenyl-methoxy-carbonyl))-N9-(trifluoroacetyl)-norspermidine (8):
Compound 7 (1 equiv, 6.34 g, 9.91 mmol) in CH2Cl2/THF (1:1, 30 mL
each) was purged with N2 (g) for 1 h. [Pd(PPh3)4] (0.1 equiv, 1.14 g,
0.99 mmol) and thiosalicylic acid (2 equiv, 3.06 g, 19.82 mmol) were
added in one portion, and the reaction mixture was left to stir for 2 h.
The reaction mixture was evaporated to dryness and the crude product
was purified on silica gel, with elution with EtOAc to 50% MeOH/
EtOAc, to give 8 (4.29 g, 72%). Rf = 0.23 (CH2Cl2/MeOH 2:1); 1H
NMR (400 MHz, [D6]DMSO): d = 0.96 (s, 6H; C(CH3)2), 1.75±1.90 (m,
4H; CH2CH2NHCH2CH2), 2.36 (s, 4H; COCH2�Dde), 2.55 (s, 3H; C=
CCH3); 3.20±3.40 (m, 8H; HN(CH2CH2CH2)2), 4.33 (s, 2H; OCH2C6H4),
5.07 (s, 2H; OCH2CO2H), 6.90 (d, 3J(H,H) = 9 Hz, 2H; ArH), 7.32 (d,
3J(H,H) = 9 Hz, 2H; ArH), 9.57 (br s, 1H; NH�Tfa), 13.38 (br s, 1H;
NH�Dde) ppm; 13C NMR (100 MHz, [D6]DMSO): d = 17.7 (C=CCH3),
27.3 (TfaHNCH2CH2), 28.3 (DdeHNCH2CH2+C(CH3)2), 30.2 (C(CH3)2),
37.5 (TfaHNCH2), 41.5 (TfaHNCH2CH2CH2), 45.0 (DdeHNCH2), 49.0
(DdeHNCH2CH2CH2), 52.8 (COCH2�Dde), 66.6 (OCH2C6H4), 67.7
(OCH2CO2H), 107.4 (C=CCH3), 114.8 (CHarom), 128.5 (Carom), 129.6
(CHarom), 131.8 (Carom), 159.1 (C=O amide), 173.3 (C=CCH3+CO2H),


196.9 (C=O�Dde) ppm; IR (CH2Cl2): ñ = 1691, 1570 cm�1 (C=O); MS
(ES+): m/z (%): 600.3 (20) [M+H]+, 622.3 (5) [M+Na]+; HRMS (ES+):
m/z : calcd for C28H37F3N3O8 [M+H]+: 600.2527; found: 600.2539.


Synthesis of polyamine scaffold resin 9 : Compound 8 (3 equiv,
6.43 mmol) was dissolved in CH2Cl2 (15 mL), and then DIC (3.5 equiv,
7.63 mmol) and HOBt (3.5 equiv, 7.63 mmol) were added. After 10 min,
this solution was added to aminomethyl resin (1 equiv, 2.18 mmol) and
the suspension was shaken overnight. The resulting resin was washed
with CH2Cl2, MeOH, DMF, MeOH and CH2Cl2 (3î15 mL each) and
dried under high vacuum. The resin gave a negative ninhydrin test.


Solid-phase synthesis of transfection agent library: synthesis of transfec-
tion library 1


Full experimental data for all library compounds 1,2, and 3 is given in
the Supporting Information.


General procedures


Dde deprotection : Resin (1 equiv) was pre-swollen in DMF for 30 min
and filtered. Hydrazine in DMF (5% v/v) was added to this resin and the
suspension was shaken for 2 h. The resin was filtered and washed succes-
sively with CH2Cl2, MeOH, DMF, MeOH and CH2Cl2 (positive ninhydrin
test).


Guanidation : The resulting resin was pre-swollen in THF for 30 min and
filtered. A solution of N,N’-bis(tert-butoxycarbonyl)-S-methylisothiourea
(4 equiv, 1m) in THF and a few drops of pyridine were added and the
suspension was shaken overnight. The solution was collected and the
resin was washed as above (negative ninhydrin test).


Tfa deprotection : A mixture of 1m KOH/THF/MeOH (4:3:1) was added
to the resin (pre-swollen in THF and filtered). This suspension was
shaken for 2 h. The resin was washed successively with CH2Cl2, MeOH,
DMF, MeOH and CH2Cl2 (positive ninhydrin test).


Coupling of carboxylic acid : The resin was pre-swollen for 30 min in
CH2Cl2 and filtered. A solution of carboxylic acid (4 equiv, 0.5m), DIC
(4 equiv, 0.5m) and HOBt (4 equiv, 0.5m) in CH2Cl2 was added to this
resin. The suspension was shaken for 2 h and the resin was washed as de-
scribed above (negative ninhydrin test).


Cleavage of the product from the resin : The resin was pre-swollen in
CH2Cl2 for 30 min and filtered. A cocktail of TFA/CH2Cl2/H2O/thioani-
sole (8:0.5:0.5:1) was added and the suspension was shaken for 2 h. The
resin was filtered and the solution was collected. The solvent was re-
moved under vacuum, and the crude product was re-dissolved in H2O
and extracted with CH2Cl2. The aqueous layer was evaporated under re-
duced pressure to afford the pure products in 76±100% yield (% yield
based on the loading of the aminomethyl resin and product as 4¥TFA
salts).


Synthesis of N1,N9-bis-1,1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl-
N5-(3-carboxypropanoyl)-norspermidine (13): Succinic anhydride (0.48 g,
4.74 mmol) was added to a solution of 12 (1.98 g, 4.31 mmol) in CH2Cl2
(5 mL) and the mixture was stirred for 1 h. The reaction mixture was
poured into water (200 mL) and extracted with EtOAc (2î100 mL). The
combined organic layers were dried over anhydrous Na2SO4 and evapo-
rated under reduced pressure to afford the title compound as an amor-
phous solid (2.22 g, 95%).


Rf = 0.48 (CH2Cl2/MeOH 9:1); 1H NMR (400 MHz, [D6]DMSO): d =


1.08 (s, 12H; 2îC(CH3)2�Dde); 1.87 (m, 2H; NCH2CH2CH2NH), 1.99
(m, 2H; NHCH2CH2CH2N), 2.39 (s, 8H; COCH2), 2.50 (m, 2H;
NCOCH2), 2.56 (s, 3H; C=C�CH3�Dde), 2.62 (m, 5H; m, C=C�
CH3+CH2CO2H), 3.47 (m, 6H; CH2NCH2CH2CH2NH), 3.58 (m, 2H;
NHCH2CH2CH2N), 13.34 (br s, 1H; NH), 13.42 (br s, 1H; NH) ppm; 13C
NMR (100 MHz, [D6]DMSO): d = 20.0 (C=C�CH3), 29.8
(NCH2CH2CH2NH), 30.2 (CH2CO2H), 33.6
(C(CH3)2+NHCH2CH2CH2N), 32.4 (NCH2), 43.0 (NHCH2CH2CH2N),
43.4 (NCH2CH2CH2NH), 45.1 (NCH2CH2CH2NH), 46.9
(NHCH2CH2CH2N), 55.1 (2îCH2�Dde), 109.7 (C=C�CH3), 174.0 (C=
C�CH3), 175.5, 175.7 (NCOCH2CH2CO2H), 199.1, 199.2 (C=O) ppm; IR
(film): ñ = 1725, 1635 cm�1 (C=O); MS (ES+): m/z (%): 528.4 (100)
[M+H]+; HRMS (ES+): m/z : calcd for C30H46N3O7 [M+H]+: 560.3330;
found: 560.3341.


Synthesis of compound library 2: Hydrazine in DMF (5%, v/v) (10 mL)
was added to the resin 9 (1.18 g, 0.76 mmol, pre-swollen in DMF and fil-
tered) and the suspension was shaken for 2 h. The resin was washed with
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CH2Cl2, MeOH, DMF, MeOH and CH2Cl2 (3î10 mL each). The result-
ing resin (positive ninhydrin test) was pre-swollen in CH2Cl2 and filtered.
A solution of acid 13 (0.89 g, 1.65 mmol) in CH2Cl2 (8 mL), DIC
(0.26 mL, 1.65 mmol) and HOBt (0.22 g, 1.65 mmol) were added to this
resin. The suspension was shaken for 2 h and the resin was filtered and
washed successively with CH2Cl2, MeOH, DMF, MeOH and CH2Cl2 (3î
10 mL each). Resin 15 was dried under vacuum and gave a negative nin-
hydrin test. The Dde protecting groups were removed by treatment with
N2H4 in DMF (5% v/v) for 2 h. The resulting resin was washed with
CH2Cl2, MeOH, DMF, MeOH and CH2Cl2 (3î10 mL each). The resin
gave a positive ninhydrin test. A solution of the N,N’-bis(tert-butoxycar-
bonyl)-S-methylisothiourea (0.99 g, 3.41 mmol) in THF (5 mL) and pyri-
dine (5 drops) were added to this resin. The resulting suspension was
shaken overnight. The solution was filtered to recover the guanylating re-
agent and the resin was washed as above. The resin gave a negative nin-
hydrin test. A solution of 1m KOH/THF/MeOH (4:3:1, 10 mL) was
added to this resin (pre-swollen in THF and filtered) and the suspension
was shaken for 2 h. The resin was washed with MeOH/H2O (1:1),
MeOH, DMF and CH2Cl2 (3î10 mL each) and the resin gave a positive
ninhydrin test. The resulting resin (35±50 mg per carboxylic acid) was
pre-swollen in CH2Cl2 for 30 min and the resin was filtered. A solution
of commercially available carboxylic acid (4 equiv) in CH2Cl2 (2 mL) and
3±5 drops of DMF, DIC (4 equiv) and HOBt (4 equiv) were added. The
suspension was shaken for 2 h. The resin was washed with CH2Cl2,
MeOH, DMF, MeOH and CH2Cl2 (3î10 mL each). The resulting resin
16 gave a negative ninhydrin test. A cleavage cocktail of TFA/CH2Cl2/
H2O/thioanisole (8:0.5:0.5:1, 2 mL) was added to this resin and the sus-
pension was shaken for 2 h. The resin was filtered and washed with
CH2Cl2 (1 mL) and the combined solutions were collected. The solvent
was removed in vacuum and the crude product was re-dissolved in H2O
(20 mL) and extracted with CH2Cl2 (20 mL). The aqueous layer was
evaporated under reduced pressure to afford the final products 2 (34±
77% as 7¥TFA salts).


Synthesis of compound library 3 : Resin 9 (1.19 g, 0.76 mmol,
0.64 mmolg�1) was pre-swollen in DMF for 30 min and filtered. Hydra-
zine in DMF (5% v/v, 10 mL) was added and the suspension was shaken
for 2 h. The resin was washed successively with CH2Cl2, MeOH, DMF,
MeOH and CH2Cl2 (3î10 mL each). The resulting resin (positive ninhy-
drin test) was pre-swollen in THF and filtered. A solution of the N,N’-
bis(tert-butoxycarbonyl)-S-methylisothiourea (5 equiv, 1.14 g, 3.93 mmol)
in THF (5 mL) and pyridine were added to this resin. The suspension
was shaken overnight. The solution was collected and the resin was
washed as described above. The resin gave a negative ninhydrin test. A
solution of 1m KOH/THF/MeOH (4:3:1, 10 mL) was added to resin 10
(pre-swollen in THF and filtered) and the suspension was shaken for 2 h.
The resin was washed as described above and gave a positive ninhydrin
test. The resulting resin was pre-swollen in CH2Cl2 and filtered. A solu-
tion of acid 13 (0.75 g, 1.34 mmol) in CH2Cl2 (8 mL), DIC (0.26 mL,
1.65 mmol) and HOBt (0.22 g, 1.65 mmol) were added to this resin. The
suspension was shaken for 2 h, and the resin was filtered and washed suc-
cessively with CH2Cl2, MeOH, DMF, MeOH and CH2Cl2 (3î10 mL
each). Resin 17 was dried under vacuum and gave a negative ninhydrin
test.


Hydrazine in DMF (5% v/v, 10 mL) was added to resin 17 (pre-swollen
in DMF and filtered). This suspension was shaken for 2 h. The resin was
washed successively with CH2Cl2, MeOH, DMF, MeOH, CH2Cl2 and
Et2O (3î10 mL each) and dried under vacuum. The resin gave a positive
ninhydrin test. The resulting resin (35±50 mg per carboxylic acid) was
pre-swollen in CH2Cl2 for 30 min and filtered. A solution of carboxylic
acid (4 equiv) in CH2Cl2 (2 mL) and 3±5 drops of DMF, DIC (4 equiv)
and HOBt (4 equiv) were added to this resin. The suspension was shaken
for 2 h, and then the resulting resin was washed successively with CH2Cl2,


MeOH, DMF, MeOH and CH2Cl2 (3î3mL each). The resin gave a nega-
tive ninhydrin test. A cleavage cocktail of TFA/CH2Cl2/H2O/thioanisole
(8:0.5:0.5:1, 2 mL) was added to this resin (pre-swollen in CH2Cl2 and fil-
tered) and the suspension was shaken for 2 h. The resin was filtered and
washed with CH2Cl2 (1 mL) and the combined solution was collected.
The solvent was removed under vacuum, and the crude product was re-
dissolved in H2O (20 mL) and extracted with CH2Cl2 (20 mL). The aque-
ous layer was evaporated under reduced pressure to afford the final
products 3 as 4¥TFA salts (55±100%).


DNA binding affinities


Electrophoresis assay : DNA binding affinities of all samples were meas-
ured at two DNA/sample ratios (w/w), 1:5 and 1:20, by electrophoresis.
DNA/sample complexes were formed at a ratio of 1:5 (w/w) by transferal
of 12.5 mL (30 mgmL�1) of sample into an Eppendorf tube. Each sample
was further diluted with 37.5 mL of acetate buffer (20 mm, pH 7.4). To
this solution, an aqueous solution of plasmid DNA (50 mL, 3 mg/25 mL),
purified from E. coli HMS174 by a Qiagen Maxiprep, was added to each
sample, and the solutions were successively mixed. The DNA/sample
complex 1:20 (w/w) was prepared as above except that the 50 mL of stock
sample (30 mgmL�1) was used without dilution. DNA complexes were in-
cubated at room temperature for 30 min. Bromophenol blue-free gel-
loading buffer (100 mL, 13.3% w/v sucrose in water) was added to 100 mL
of this complex. The solution was inverted to mix, and each sample
(10 mL) was loaded onto a 1% agarose gel (0.5îTBE buffer). The gel
was run at 200 V, 400 mA for 2 h. DNA bands were viewed under UV
light by ethidium bromide staining.


Ethidium bromide displacement assay : A fluorescence microplate reader
was used to measure the fluorescence intensity of eight samples with dif-
ferent charge ratios in a 96-well PS plate. A stock solution of DNA of
0.5 mg/5 mL was prepared in low salt buffer (20 mm NaCl, 2 mm HEPES,
10 mm EDTA, pH7.4). Ethidium bromide and synthetic compounds were
weighed, and stock solutions were prepared with a final concentration of
0.125 mgmL�1 in water and 0.1 mg/5 mL in ethanol, respectively. Each
sample was prepared as shown in Table 3. Fluorescence was measured
(ex filter = 485 nm, em filter = 590 nm) after 1 minute of equilibration.
The fluorescence was calculated as a percentage of the maximum fluores-
cence intensity when ethidium bromide was bound to DNA in the ab-
sence of the transfection compound. The WR50 value is the lipid/DNA
weight ratio that gives a 50% reduction in the fluorescence intensity of
the solution containing DNA (0.5 mg) and ethidium bromide (0.125 mg).


Liposome preparation : Dioleoyl-l-a-phosphatidylethanolamine (DOPE)
(Sigma) 50 mL (20 mgmL�1 in chloroform) and cationic lipid 50 mL
(20 mgmL�1 in ethanol) were mixed (weight ratio 1:1). The organic sol-
vents were evaporated under a stream of nitrogen gas and further dried
under high vacuum (>2 h.). The resulting thin film was hydrated with
phosphate buffered saline (PBS, pH 7.4) 100 mL and hydrated at room
temperature for one hour. The mixture was vortexed for one minute and
sonicated (2î15 min) with one hour rests between sonications in a bath-
type sonicator, producing small unilamellar vesicles.[29] The liposomes
were stored at 4 8C for 24 h prior to use.


Transfection procedure : 293T (human embryonic kidney) cells were
grown in DMEM supplemented with 10% heat inactivated foetal calf
serum, penicillin (100 unitsmL�1), streptomycin (100 mgmL�1) and l-glu-
tamine (4 mm) at 37 8C under 5% CO2. For transfection, 1.8î104 cells/
well were seeded in medium (140 mL) in a 96-well culture plate, to give
50±70% confluence for use the next day. The growth medium was re-
moved and replaced with 100 mL of serum-free medium (AIM-V, Sigma).
DNA/cationic liposome complexes were prepared as follows. An appro-
priate volume of each cationic liposome (1 mgmL�1) was added to the
plasmid DNA 0.4 mL (0.5 mgmL�1) and the system was incubated at room
temperature for 30 min before being diluted with phosphate-buffered


Table 3. Amounts of compounds used in the ethidium bromide displacement assays in a 96-well plate format.


Well 1 2 3 4 5 6 7 8 9 10 11 12


buffer [mL] 190 185 180 175 170 165 160 155 150 145 140 115
DNA [mL] 5 5 5 5 5 5 5 5 5 5 5 5
Et Br [mL] 5 5 5 5 5 5 5 5 5 5 5 5
lipid [mL] 0 5 10 15 20 25 30 35 40 45 50 75
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saline to make a final DNA concentration of 0.1 mg/10 mL. DNA/cationic
liposome complexes (10 mL) were added to the cells and left to incubate
at 37 8C under 5% CO2 for 48 h. For effectene (Qiagen) transfections,
enhancer (1.6 mL) was added to plasmid DNA (0.2 mg) in buffer EC
(60 mL). The mixture was vortexed for 2 s and left on bench for 3 min.
Effectene was added to this mixture (5 mL), which was vortexed for 10
seconds and left for 7 min. Serum-free medium (350 mL) was added and
mixed by pipetting up and down twice. DNA/effectene complex (50 mL)
was added to the cells. b-Galactosidase expression was measured with
the FluoReporter LacZ/Galactosidase Quantitation kit (Molecular
Probes) according to the manufacturer×s instructions, with the reaction
developed for 10 min at room temperature. Transfection efficiency was
calculated as a percentage relative to effectene transfection, after sub-
traction of the value of untransfected cells.


Cytotoxicity assay : Cytotoxicity was evaluated by use of 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (MTT test)
and by trypan blue exclusion. Cells were seeded in 96-well plates at 1î
104 cells per well. The growth medium was removed next day and re-
placed with 100 mL of serum-free medium (AIM-V, Sigma). Cationic lipo-
some/DNA complexes and effectene were prepared as described in the
transfection procedure. For the MTT assay, an increasing amount of cati-
onic lipid/DNA (1:10 wt/wt) and cationic liposome/DNA (1:10 wt/wt)
was added to triplicate wells and the system was incubated at 37 8C under
5% CO2 for 24 h. The medium was then removed and replaced with a
phenol red-free medium (90 mL). MTT (3 mgmL�1) was added (10 mL/
well) to the cells and formazan crystals formed in the incubator over 3 h.
MTT solubilization solution (Sigma, 100 mL) was added to dissolve the
resulting crystals. Absorbance was measured at 570 nm on a microplate
reader (Bio-Rad). Reduction in metabolic activity was calculated as (A570


with compound/A570 untreated). For trypan blue exclusion, 10 mL (1 mg/
10 mL) of cationic lipid/DNA (1:10 wt/wt) and 10 mL cationic liposome/
DNA (1:10 wt/wt) were added to cells in duplicate wells, and the system
was incubated at 37 8C under 5% CO2 for 24 h. The cells were detached
from the well by pipetting, and the suspension (10 mL) was mixed with
10 mL of 0.4% trypan blue (Sigma). Live and dead cells were counted
within four microscopic fields of a haemocytometer. The viability was
calculated as a percentage relative to untreated cells.
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Effects of Metal Ions on Photoinduced Electron Transfer in Zinc Porphyrin±
Naphthalenediimide Linked Systems


Ken Okamoto,[a] Yukie Mori,[b] Hiroko Yamada,[a] Hiroshi Imahori,*[b] and
Shunichi Fukuzumi*[a]


Introduction


In the bacterial photosynthetic reaction center, relatively
little energy (0.2 eV) is consumed in the rapid initial photo-


induced electron transfer step from bacteriochlorophyll
dimer [(BChl)2] to bacteriopheophytin (Bphe) on a time-
scale of 3 ps, whereas the back electron transfer to the
ground state occurs on a much slower timescale of �0.07 s
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Transient spectra
and transient decay at 480 nm of 2 and transient spectra of 1 (S1), der-
ivation of Equation (4) (S2), first-order plots of transient absorption of
the charge-separated state of 1 in the presence of Lu3+ (S3), that of 2
in the presence of Sc3+ (S4), fluorescence decay curves of 1 in the ab-
sence and in the presence of Sc3+ (S5), and plots of ln (k’CRT


1/2) against
T�1 for the charge recombination processes in 1 in the presence of
2 mm Sc3+ (S6).


Abstract: Zinc porphyrin±naphthalene-
diimide (ZnP±NIm) dyads and zinc
porphyrin±pyromellitdiimide±naphtha-
lenediimide (ZnP±Im±NIm) triad have
been employed to examine the effects
of metal ions on photoinduced charge-
separation (CS) and charge-recombina-
tion (CR) processes in the presence of
metal ions (scandium triflate
(Sc(OTf)3) or lutetium triflate
(Lu(OTf)3), both of which can bind
with the radical anion of NIm). Forma-
tion of the charge-separated states in
the absence and in the presence of
Sc3+ was confirmed by the appearance
of absorption bands due to ZnPC+ and
NImC� in the absence of metal ions and
of those due to ZnPC+ and the NImC�/
Sc3+ complex in the presence of Sc3+


in the time-resolved transient absorp-
tion spectra of dyads and triad. The
lifetimes of the charge-separated states
in the presence of 1.0î10�3m Sc3+


(14 ms for ZnP±NIm, 8.3 ms for ZnP±
Im±NIm) are more than ten times
longer than those in the absence of
metal ions (1.3 ms for ZnP±NIm,
0.33 ms for ZnP±Im±NIm). In contrast,
the rate constants of the CS step deter-
mined by the fluorescence lifetime
measurements are the same, irrespec-
tive of the presence or absence of
metal ions. This indicates that photoin-
duced electron transfer from 1ZnP* to
NIm in the presence of Sc3+ occurs
without involvement of the metal ion
to produce ZnPC+±NImC� , followed by
complexation with Sc3+ to afford the
ZnPC+±NImC�/Sc3+ complex. The one-
electron reduction potential (Ered) of
the NIm moiety in the presence of a


metal ion is shifted in a positive direc-
tion with increasing metal ion concen-
tration, obeying the Nernst equation,
whereas the one-electron oxidation po-
tential of the ZnP moiety remains the
same. The driving force dependence of
the observed rate constants (kET) of CS
and CR processes in the absence and
in the presence of metal ions is well
evaluated in terms of the Marcus
theory of electron transfer. In the pres-
ence of metal ions, the driving force of
the CS process is the same as that in
the absence of metal ions, whereas the
driving force of the CR process de-
creases with increasing metal ion con-
centration. The reorganization energy
of the CR process also decreases with
increasing metal ion concentration,
when the CR rate constant becomes in-
dependent of the metal ion concentra-
tion.


Keywords: electron transfer ¥
Marcus theory ¥ metal ions ¥
porphyrinoids ¥ zinc
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despite the much larger driving force (1.2 eV) in relation to
the initial photoinduced electron transfer step.[1] When the
free energy change of electron transfer (DG0


ET) becomes
very negative, the driving force of electron transfer
(�DG0


ET) can exceed the reorganization energy (l), the
energy required for the structural reorganization of the
donor, acceptor, and their solvation spheres upon electron
transfer. This region (�DG0


ET>l) is generally referred to as
the Marcus inverted region, where the electron transfer rate
is expected to decrease rather than to increase as the driving
force of electron transfer (�DG0


ET) increases where the driv-
ing force is larger than the reorganization energy of electron
transfer (�DG0


ET>l).[2,3] In the normal region (�DG0
ET<l),


the electron transfer rate increases with increasing driving
force–namely, increasingly
negative DG0


ET–but in the
Marcus inverted region the op-
posite is true. In such a case a
charge shift reaction from
BpheC� to an electron acceptor
quinone (QA) occurs much
more rapidly, on a timescale of
200 ps, than the back electron
transfer, which occurs on a
timescale of �0.07 s. The fur-
ther charge separation proceeds
to achieve a nearly quantitative
quantum yield of the final
charge-separated state, which
has an extremely long lifetime
(ca. 1 s).[1] Extensive efforts
have been devoted to the devel-
opment of multi-step electron
transfer systems involving the
initial photoinduced electron transfer with the use of do-
nor±acceptor (D±A) linked multi-array systems to mimic
multistep charge-separation processes in photosynthesis.[2±11]


The same strategy as occurs in natural photosynthesis has
been chosen to optimize the efficiency of the charge-separa-
tion processes: that is, the use of components with small re-
organization energies of electron transfer in order to accel-
erate the forward electron transfer in the Marcus normal
region and to decelerate the back electron transfer in the
Marcus inverted region. The use of fullerene, which has a
small reorganization energy in relation to other electron ac-
ceptors such as quinones, has been successful in achieving
long-lived charge-separated states.[12±20]


In principle, the totally opposite approach to attaining
long-lived charge-separated states–that is, the use of a com-
ponent with a large reorganization energy, resulting in slow
back electron transfer in the Marcus normal region
(�DG0


ET<l)–is also possible. In such a case, however, the
rate of forward electron transfer with a much smaller driv-
ing force becomes much smaller than the back electron
transfer rate, and so the use of a component with a large or-
ganization energy has never been employed in the design of
the artificial photosynthetic reaction center. If one could
design a system in which the forward electron transfer had a
small reorganization energy whereas the reorganization


energy of the back electron transfer were much larger than
that of the forward electron transfer in the Marcus normal
region, long-lived charge-separated states would be attained
efficiently. In the Marcus normal region, the smaller the
driving force, the smaller is the electron transfer rate. Thus,
a decrease in the driving force of back electron transfer is
essential to attain the long-lived charge-separated states in
the Marcus normal region.
It has been shown that the driving force of electron trans-


fer can be finely controlled by complexation of radical
anions, produced in the electron transfer, with metal ions
acting as Lewis acids, in a variety of intermolecular and in-
tramolecular electron transfer systems.[21±25] Quantitative
measurements to determine the Lewis acidity of a variety of


metal ions have now been established in relation to the pro-
moting effects of metal ions on the electron transfer reac-
tions.[26]


Here we report the effects of metal ions on photoinduced
electron transfer in porphyrin-containing donor±acceptor
ensembles, zinc porphyrin±naphthalenediimide (ZnP±NIm)
dyads and zinc porphyrin±pyromellitdiimide±naphthalene-
diimide (ZnP±Im±NIm) triad.[27] Here, naphthalenediimide,
employed as an electron acceptor moiety containing a car-
bonyl oxygen, plays an important role in binding with metal
ions in the radical anion state (NImC�). The driving force of
back electron transfer from the NImC� moiety to the ZnPC+


can be controlled by addition of metal ions, which bind with
NImC� . The strong binding of metal ions with NImC� results
in a decrease in the driving force of back electron transfer
and an increase in the reorganization energy of electron
transfer. In contrast to that of the back electron-transfer
process, the driving force of forward photoinduced electron
transfer remains the same irrespective of the absence or
presence of metal ions, since the photoinduced charge sepa-
ration process occurs without involvement of metal ions,
which bind with the NImC� moiety only after the electron
transfer. This study thus provides a new strategy by which to
attain long-lived charge-separated states in the Marcus
normal region with a large reorganization energy.
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Results and Discussion


Photoinduced intramolecular electron transfer : Time-re-
solved transient absorption spectra of ZnP±NIm (1), ZnP±
Im±NIm (2), and ZnP±NIm±RC (1RC) in benzonitrile
(PhCN) were measured by nanosecond laser photolysis. A
transient absorption spectrum observed at 0.1 ms after the
laser pulse excitation of a PhCN solution of 1 is shown in
Figure 1a. The transient absorption bands at 479, 531, 583,


620, 685 (sh), and 763 nm are at-
tributable to NImC� by compari-
son with those of NImC� pro-
duced independently by the
one-electron reduction of 1 with
tetramethylsemiquinone radical
anion (Scheme 1, Figure 1b).[28]


The absorption band due to
ZnPC+ is also observed at
410 nm (Figure 1a).[29]


Each absorption band decays
at the same rate, obeying first-
order kinetics (inset of Figure 1


a). From the first-order plot it is possible to obtain the rate
constant (kCR) of the charge-recombination (CR) process in
the charge-separated state–ZnPC+±NImC�–as 7.7î105 s�1


(lifetime of the charge-separated state: tCS = 1.3 ms). Simi-
larly, the kCR rate constants can be determined from the
decay of the charge-separated states of 2 (see Supporting In-
formation S1) and 1RC, and the kCR values are listed in
Table 1.
The addition of Sc(OTf)3 to a PhCN solution of 1 results


in a change in the transient absorption spectrum in relation
to that in the absence of Sc(OTf)3. Figure 2a shows transient
absorption spectra observed at 0.1 ms and 1 ms after the laser
pulse excitation of a PhCN solution of 1 in the presence of
Sc(OTf)3 (2.0î10


�3
m). At 0.1 ms, besides the absorption


bands due to ZnPC+ and NImC� , a new absorption band, not
seen in the absence of Sc(OTf)3, is observed at 650 nm.


[30]


At 1 ms, the absorption bands due to NImC� are changed to
those of the new bands, which can be assigned to the Sc3+


complex with NImC� by comparison with the transient ab-
sorption bands observed by photoexcitation of a PhCN solu-
tion of 1-benzyl-1,4-dihydronicotinamide dimer [(BNA)2]
and NIm-ref in Figure 2b.[31] It has been well established
that photoinduced electron transfer from (BNA)2 to elec-
tron acceptors in the presence of metal ions affords the
metal ion complexes with radical anions.[32] Thus, photoin-
duced electron transfer from (BNA)2 to NIm-ref in the pres-
ence of Sc(OTf)3 affords the (NIm-ref)C�/Sc3+ complex
(Scheme 2). The results in Figure 2a therefore indicate that
photoinduced electron transfer from the porphyrin singlet
excited state (1ZnP*) to NIm in the presence of Sc(OTf)3 ini-
tially produces the charge-separated state, ZnPC+±NImC� ,
and that the NImC� moiety then forms the complex with
Sc(OTf)3 to give the ZnPC+±NImC�/Sc3+ complex.
The CR process in the ZnPC+±NImC�/Sc3+ complex in the


presence of Sc(OTf)3 is followed by the decay of absorbance
at 480 nm and is compared in Figure 3 with the CR process
in ZnPC+±NImC� in the absence of metal ions. The decay of


Figure 1. a) Time-resolved absorption spectrum observed at 0.1 ms after
laser pulse excitation (431 nm) of a deaerated PhCN solution of 1 (1.0î
10�5m) at 298 K. Inset: Time profile of absorbance at 480 nm. b) The dif-
ference spectrum of the radical anion of 1 (1.0î10�5m), in which the
spectrum due to 1 (1.0î10�5m) is subtracted. The radical anion of 1 was
generated by the one-electron reduction of 1 with tetramethylsemiqui-
none radical anion in deaerated PhCN at 298 K.


Scheme 1. Independent production of 1.


Table 1. Driving forces (�DGET(CR)) and electron transfer rate constants (kCR) of CR in 1, 2, and 1RC in deaer-
ated PhCN at 298 K.


1 2 1RC
[Mn+] kCR �DGET(CR)


[a] kCR �DGET(CR)
[a] kCR �DGET(CR)


[a]


Mn+
m no. s�1 eV no. s�1 eV no. s�1 eV


Sc3+ 0 1 7.7î105 1.33 10 3.0î106 1.22 19 6.2î105 1.32
2.0î10�4 2 6.9î104 0.84 11 1.2î105 0.98 20 2.1î105 1.20
1.0î10�3 3 6.9î104 0.80 12 1.2î105 0.94 21 2.1î105 1.16
2.0î10�3 4 6.9î104 0.79 13 1.2î105 0.92 22 2.1î105 1.15
4.0î10�3 5 6.9î104 0.77 14 1.2î105 0.90 23 2.1î105 1.13


Lu3+ 2.0î10�4 6 7.6î104 0.98 15 4.0î105 1.13 ± ±
1.0î10�3 7 7.6î104 0.94 16 4.0î105 1.09 ± ±
2.0î10�3 8 7.6î104 0.92 17 4.0î105 1.07 ± ±
4.0î10�3 9 7.6î104 0.90 18 4.0î105 1.05 ± ±


[a] Determined from Equation (7).
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ZnPC+±NImC� in the absence of Sc(OTf)3 obeys first-order
kinetics [Eq. (1)]. In the presence of Sc(OTf)3, however, the
decay consists of two components (closed circles in
Figure 3). The larger the concentration of Sc(OTf)3, the
larger is the contribution of the slow component, which has


the same lifetime irrespective of any difference in Sc(OTf)3
concentration. The initial fast component thus corresponds
to the complexation process of Sc3+ with the NImC� moiety
in ZnPC+±NImC� to produce the ZnPC+±NImC�/Sc3+ complex
[Eq. (2)], which decays to the ground state with a much
slower rate constant (k’CR) [Eq. (3)].


ZnPCþ �NImC� kCR��!ZnP�NIm ð1Þ


ZnPCþ �NImC� þ Sc3þ k1�!ZnPCþ �NImC�=Sc3þ ð2Þ


ZnPCþ �NImC�=Sc3þ k0CR��!ZnP�NImþ Sc3þ ð3Þ


According to Equations (1)±(3), the sum of the concentra-
tions of ZnPC+±NImC� and the ZnPC+±NImC�/Sc3+ complex is
given by Equation (4) (for the derivation see Supporting In-
formation). Equation (4) predicts the two-exponential decay.
The kCR value in the absence of Sc(OTf)3 is determined as
7.7î105 s�1 from the slope of the linear first-order plot in
Figure 3 (open circles). The k’CR rate constant of the ZnPC+±
NImC�/Sc3+


½ZnPCþ �NImC�	 þ ½ZnPCþ �NImC�=Sc3þ	


¼ ½ZnPCþ �NImC�	0
kCR þ k1½Sc3þ	�k0CR


½ðkCR�k0CRÞ expf�ðkCR


þk1½Sc3þ	Þtg þ k1½Sc3þ	 expð�k0CRtÞ	


ð4Þ


complex is determined as 6.9î104 s�1 from the constant
slope after the completion of the complexation process of
Sc3+ with NImC� (Figure 3).[33] From the initial slope in


Figure 3 it is possible to estimate the k1 value as about 1î
108m�1 s�1. Thus, the rate of the complexation process of
Sc3+ with the NImC� moiety in ZnPC+±NImC� is much faster
than the CR rate. The k’CR values in the presence of
Sc(OTf)3 become significantly smaller in relation to the kCR
value in the absence of Sc(OTf)3 (7.7î10


5 s�1), which indi-
cates that the lifetime of the charge-separated state becomes


Figure 2. a) Time-resolved absorption spectra observed at 0.1 ms (*) and
1 ms (*) after laser pulse excitation (431 nm) of a deaerated PhCN solu-
tion of 1 (1.0î10�5m) in the presence of Sc(OTf)3 (2.0î10


�3
m) at 298 K.


b) Time-resolved absorption spectrum of the (NIm-ref)C�/Sc3+ complex
produced by the photoinduced electron transfer from (BNA)2 (5.0î10


�2


m) to NIm-ref (1.0î10�4m) in the presence of 2.0î10�2m Sc3+ in deaerat-
ed PhCN at 10 ms after laser pulse excitation (355 nm) at 298 K.


Scheme 2. Photoinduced electron transfer from (BNA)2 to NIm-ref in the
presence of Sc(OTf)3, affording the (NIm-ref)C�/Sc3+ complex.


Figure 3. First-order plots of the observed absorption change at 480 nm
after laser pulse excitation (431 nm) of a deaerated PhCN solution of 1
(1.0î10�5m) in the absence and in the presence of Sc(OTf)3 at 298 K;
[Sc3+] = 0 (*), 1.0î10�3m (î), and 4.0î10�3m (*).
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much longer through the complexation with Sc(OTf)3. Simi-
larly, the k’CR values of other metal ion complexes of the
charge-separated states of 1 (see Figure S3 in the Supporting
Information), 2 (see Figure S4 in the Supporting Informa-
tion), and 1RC in the presence of various concentrations of
Sc(OTf)3 and Lu(OTf)3 are determined as listed in
Table 1.[34,35]


The rate constants of photoinduced electron transfer from
1ZnP* to NIm to give the charge-separated states (kCS) were
determined by fluorescence lifetime measurements in PhCN.
The kCS value of 1 in PhCN is determined from the difference
between t�1 and t(ZnP-ref)


�1 as 3.4î109 s�1. Similarly, the kCS
values of 2 and 1RC are determined as listed in Table 2.[36]


The kCS values were also determined in the presence of
various concentrations of Sc(OTf)3 and Lu(OTf)3, and the
results are listed in Table 2. In contrast with the kCR values,
the kCS values are the same irrespective of the presence or
absence of Sc(OTf)3 (see Figure S5 in the Supporting Infor-
mation). This is consistent with the results in Figure 2,
where the photoinduced electron transfer from 1ZnP* to
NIm in the presence of Sc(OTf)3 affords the charge-separat-
ed state (ZnPC+±NImC�) and the complexation with Sc(OTf)3
then occurs to produce the ZnPC+±NImC�/Sc3+ complex.
Thus, the rate of the initial photoinduced electron transfer is
not affected by the presence of metal ions.


Driving force of electron-transfer processes in the presence
of metal ion salts : To determine the driving force of electron
transfer, the one-electron redox potentials of 1, 2, and 1RC
in the absence and in the presence of metal ions were deter-


mined by cyclic voltammetry in PhCN. Figure 4 shows cyclic
voltammograms of 1 in the absence and in the presence of
Sc(OTf)3. The one-electron reduction potential at �0.57 V
for the NIm/NImC� couple is shifted in a positive direction
by 0.55 V in the presence of 3.0î10�3m Sc(OTf)3, whereas
the one-electron oxidation potential of ZnP at 0.76 V re-
mains the same irrespective of the absence or presence of
Sc(OTf)3. Similar positive shifts of the one-electron reduc-
tion potential of NIm (Ered) are observed in the presence of
Lu(OTf)3.


The positive shift of Ered in
the presence of metal ions is at-
tributable to the binding of
metal ions with NImC� [Eq. (5)]
as indicated in Figure 4. The
neutral species of NIm cannot
bind with Sc3+ , since there was
no carbonyl peak shift [d =


162 ppm (CDCl3/CD3CN 1:1)]
in 13C NMR measurements irre-
spective of the presence of Sc3+


. In such a case, Ered is given as
a function of concentration of
metal ions (Mn+), according to
the Nernst equation
[Eq. (6)],[37] where E0


red is the
one-electron reduction poten-
tial in the absence of metal


ions, Kred is the formation constant of the ZnP±NImC�/Mn+


complex, Kox is the formation constant of the ZnP±NIm/
Mn+ complex, R is the gas constant, T is the absolute tem-
perature, and F is the Faraday constant. Since Kred[M


n+]@1,
and Kox[M


n+]!1, Equation (6) can be reformulated as
Equation (7), where DEred is the potential shift in the pres-
ence of Mn+ from the value in its absence.


ZnP�NImC� þMnþ


Kred


��! ��ZnP�NImC�=Mnþ ð5Þ


Table 2. Driving forces (�DGET(CS)) and electron transfer rate constants (kCS) of CS in 1, 2, and 1RC in deaerat-
ed PhCN at 298 K.


No. Compound [Mn+] (m) Solvent �DGET(CS) (eV) kCS (s
�1)


1 1 0 THF 0.57 7.7î109[b]


2 0 PrCN 0.79 6.2î109[b]


3 0 MeCN 0.81 4.1î109[b]


4 0 PhCN 0.81 3.4î109[c]


5 1+Sc3+ 2.0î10�3 PhCN 0.27[a] 3.4î109[c]


6 4.0î10�3 PhCN 0.25[a] 3.4î109[c]


7 1+Lu3+ 4.0î10�3 PhCN 0.38[a] 3.4î109[c]


8 2 0 THF 0.64 6.1î109[b]


9 0 PrCN 0.88 6.2î109[b]


10 0 MeCN 0.90 4.6î109[b]


11 0 PhCN 0.92 3.1î108[c]


12 2+Sc3+ 2.0î10�3 PhCN 0.62[a] 3.1î108[c]


13 4.0î10�3 PhCN 0.60[a] 3.1î108[c]


14 2+Lu3+ 4.0î10�3 PhCN 0.75[a] 3.1î108[c]


15 1RC 0 PhCN 0.80 6.9î109[c]


16 1RC+Sc3+ 4.0î10�3 PhCN 0.61[a] 6.9î109[c]


[a] Determined from Equation (9). [b] Taken from ref. [27]. [c] This work; kCS = t(1,2,1R)
�1�t(ZnP)�1


Figure 4. Cyclic voltammograms of 1 (5.0î10�4m): a) in the absence of
Sc3+ , b) in the presence of 3.0î10�3m Sc3+ , and c) in the presence of
5.0î10�3m Sc3+ in deaerated PhCN containing TBAPF6 (0.10m) at
298 K.
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Ered ¼ E0redþ ðRT=FÞln
�
ð1þKred½Mnþ	Þ
ð1þKox½Mnþ	Þ


�
ð6Þ


DEred ¼ ðRT=FÞlnKred½Mnþ	 ð7Þ


Plots of DEred against log [M
n+] (Mn+ = Sc3+ and Lu3+)


are shown in Figure 5. The slope of each plot is determined


as 0.059, which agrees with the slope (2.3RT/F at 298 K) ex-
pected from the Nernst equation [Eq. (7)]. The intercepts of
linear plots in Figure 5 thus afford the binding constants of 1
(Kred (Sc


3+) = 8.7î1011m�1, Kred (Lu
3+) = 4.3î109m�1), 2


(Kred (Sc
3+) = 6.5î107m�1, Kred (Lu


3+) = 1.2î105m�1), and
1RC (Kred (Sc


3+) = 4.7î105m�1). These Kred values are much
smaller than the reported values of QC�/Sc3+ and NQC�/
Sc3+ .[25]


The driving force of the CS process in the absence of Mn+


(�DG0
ETðCSÞ in eV) and that in the presence of Mn+


(�DGET(CS) in eV) are given by Equation (8) and Equa-
tion (9), respectively,


�DG0
ETðCSÞ ¼ �e½E0ðZnPCþ=1ZnP*Þ�E0ðNIm=NImC�Þ	 ð8Þ


�DGETðCSÞ ¼ �DG0
ETðCSÞ þ kBTln ðKred½Mnþ	Þ ð9Þ


where e is the elementary charge and kB is the Boltzmann
constant. On the other hand, the driving force of the CR
process in the absence of Mn+ (�DG0


ETðCRÞ) and that in the
presence of Mn+ (�DGET(CR)) are given by Equation (10)
and Equation (11), respectively, where DE(1ZnP*/ZnP) is
the singlet excitation energy of ZnP.


�DG0
ETðCRÞ ¼ DG0


ETðCSÞ þ DEð1ZnP*=ZnPÞ ð10Þ


�DGETðCRÞ ¼ �DG0
ETðCRÞ�kBTln ðKred½Mnþ	Þ ð11Þ


It is important to note here that the driving force of the
CS process increases with increasing metal ion concentration


[Mn+] [Eq. (9)], but that the driving force of the CR process
decreases with increasing [Mn+] [Eq. (11)].
The energy diagram of photoinduced electron transfer


and the back electron transfer of 1 is shown in Figure 6. The


photoexcitation of 1 results in the formation of the singlet
excited state 1ZnP*±NIm (2.12 eV), in which electron trans-
fer from 1ZnP* to NIm occurs to give the charge-separated
state (ZnPC+±NImC�) with kCS = 3.4î109 s�1 in competition
with the decay to the ground state with k0 = 4.0î108 s�1. In-
tersystem crossing (ISC) from 1ZnP* also occurs to give the
triplet excited state 3ZnP*, but electron transfer from 3ZnP*


to NIm occurs to produce the charge-separated state as
well. The back electron transfer from NImC� to ZnPC+ (CR)
occurs with kCR = 7.7î105 s�1.
In the presence of Mn+ , the CS process takes place


mainly from 1ZnP*±NIm rather than 1ZnP*±NIm/Mn+ com-
plex due to very weak binding of Mn+ with neutral species
of NIm. Furthermore, the observed spectral change shown
in Figure 2a indicates that the CS process is not coupled
with the binding of Sc3+ with NImC� , which occurs after the
CS process. This corresponds to the case in which electron
transfer occurs first, followed by ion transfer in the effects
of electrolytes for ion pairing on the rates of electron trans-
fer reactions, reported by Marcus.[38] In such a case, the kCS
values in the presence of Mn+ are determined by the
�DG0


ETðCSÞ values in the absence of Mn+ [Eq. (8)] rather
than by the �DGET(CS) values in the presence of Mn+


[Eq. (9)], although the �DGET(CS) values increase with in-
creasing [Mn+] [Eq. (9)]. In contrast, the k’CR values in the
presence of Mn+ should be determined by the �DGET(CR)


values in the presence of Mn+ , since the CR process occurs
mainly from the ZnPC+±NImC�/Mn+ complex rather than
from ZnPC+±NImC� , as shown in Figure 2a in the case of the
ZnPC+±NImC�/Sc3+ complex. The back electron transfer
from NImC� to ZnPC+ (CR) in the presence of 1.0î10�3m
Sc3+ occurs with k’CR = 6.9î104 s�1.


Driving force dependence of rate constants of CS and CR
processes in the absence and in the presence of metal ions :
The driving force dependence of the rate constants of elec-
tron transfer (log kET) including both the CS and CR proc-
esses in the absence of Mn+ is shown in Figure 7 (part a), in
which the kET and �DG0


ET values are taken from Table 1 and


Figure 5. Nernst plots of DEred against log [Sc
3+] for 1 (*), 2 (&), and 1RC


(~). The slope of the line is 0.059.


Figure 6. Energy diagram of photoinduced electron transfer and back
electron transfer of 1.
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Table 2. The log kCS value in the absence of metal ions de-
creases rather than increases with increasing driving force.
The kCR values are much smaller than the kCS values despite
the driving force of the CR process being much larger than
that of the CS process. This indicates that the CS process is
already in the Marcus inverted region and that the CR proc-
ess is deeply in the inverted region.[2±3] Such driving force
dependence of log kET in Figure 7 (part a) can be analyzed
in terms of the Marcus equation for non-adiabatic intramo-
lecular electron transfer [Eq. (12) and Eq. (13)], where l is
the reorganization energy of electron transfer, V is the cou-
pling matrix element, and h is the Planck constant.[2]


kET ¼ ð4p3=h2lkBTÞ1=2 V2expð�DG�
ET=kBTÞ ð12Þ


DG�
ET ¼ ðl=4Þð1þ DGET=lÞ2 ð13Þ


The reasonable fit to a single Marcus curve of all the data
in the absence of Mn+ in Table 1 affords the values of l =


0.58 eV and V = 5.0 cm�1 (Figure 7a), which should be re-
garded as average values of the investigated compounds,
since the l and V values vary slightly depending on the dif-
ferent geometry or solvation. It is more important to point
out that the kCS values in the presence of M


n+ are also in-
cluded in the single correlation in the absence of Mn+ using
the driving force in the absence of Mn+ . This indicates that
the change in the driving force of the CS process in the pres-
ence of Mn+ does not affect the CS rate, because the binding
of Mn+ with NImC� , which causes the change in the driving
force, occurs after the photoinduced electron transfer.


In contrast to the CS process in the presence of Mn+ , the
k’CR values in the presence of M


n+ become much smaller
than those in the absence of Mn+ , but the decreased k’CR
values are fairly constant irrespective of the difference in
the driving force, as shown in Figure 7. The solid lines in


Figure 7 (part b and part c) represent the lines calculated by
use of the same V value for the line in the absence of Mn+


(part a) but also of two different l values: l = 2.43 eV and
2.93 eV, respectively.[32c] Such large l values are required to
fit the data in the presence of Mn+ to Equation (12). Ac-
cording to Equation (12) and Equation (13), k’CR should ex-
hibit a significant temperature dependence, since the DG�


ET


value of the CR process of the ZnPC+±NImC�/Sc3+ complex
is obtained as 0.29 eV from the l and the DGET(CR) values in
the case of 2.0î10�3m Sc3+ . The temperature dependence of
the k’CR was also determined and a plot of ln(k’CRT


1=2)
against T�1 gave a linear correlation, as expected from
Equation (12) (S6). From the linear slope it is possible to
determine the DH�


ET value as 0.21 eV, which is smaller than
the DG�


ET value because DG�
ET = DH�


ET�TDS�
ET in which the


activation entropy (DS�
ET) is negative in non-adiabatic elec-


tron transfer.
The driving force dependence of k’CR in the presence of


Mn+ in Figure 7 (part b and part c) indicates that the l value
is not constant but varies with the driving force. Such a
change in the l value with [Mn+] can be evaluated in the
context of the Marcus theory of electron transfer as follows.
The l value consists of lD for the electron self-exchange be-
tween D and DC+ and lA for that between A and AC�


[Eq. (14)].


l ¼ ðlD þ lAÞ=2 ð14Þ


Since Mn+ is involved only for the acceptor part (NIm),
the dependence of lA on [M


n+] should be considered. The
electron self-exchange between ZnP±NIm and the ZnP±
NImC�/Mn+ complex occurs through the formation of the
ZnP±NIm/Mn+ complex as shown in Scheme 3.


According to Scheme 3, the electron self-exchange rate
constant (kex) is given by Equation (15), where Z is the fre-
quency factor for an intermolecular reaction, l0A is the reor-
ganization energy for the electron self-exchange between
the ZnP±NIm/Mn+ and ZnP±NImC�/Mn+ complexes.


kex ¼ ZKox½Mnþ	expð�l0A=4kBTÞ ð15Þ


The reorganization energy between ZnP±NIm and the
ZnP±NImC�/Mn+ complex (lA) is therefore given by Equa-
tion (16), from comparison of Equation (15) with kex = Z
exp(�lA/4kBT). From Equation (15), the reorganization
energy l is given by Equation (17), where l0 = (lD+l0A)/2.
Equation (17) indicates that the l value decreases with in-
creasing [Mn+] as observed in Figure 7.


Figure 7. Driving force (�DGET) dependence of intramolecular electron
transfer rate constants for CS (*) and CR (!) in the absence of Mn+ ,
and for CR (1 (*), 2 (&) and 1RC (~)) in the presence of Mn+ in deaerat-
ed PhCN at 298 K. Numbers refer to compounds in Table 1 (CR) and
Table 2 (CS). The solid lines [(a), (b), and (c)] represent the fits to Equa-
tion (12) with: a) l = 0.58 eV, V = 5.0 cm�1, b) l = 2.43 eV, V =


5.0 cm�1, and c) l = 2.93 eV, V = 5.0 cm�1.


Scheme 3. Electron self-exchange between ZnP±NIm and the ZnP±
NImC�/Mn+ complex.
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lA ¼ l0A�4kBTln ðKox½Mnþ	Þ ð16Þ


l ¼ l0�2kBTln ðKox½Mnþ	Þ ð17Þ


Since l@�DGET(CR) in Figure 7, the Marcus free parabolic
energy relationship [Eq. (13)] is simplified to Equation (18)
under these experimental conditions for the CR process.
The differential of Equation (18) with respect to DGET(CR) is
given by Equation (19). The zero value of @(DG�


ETðCRÞ)/
@(DGET(CR)) means that the k’CR value should be constant ir-
respective of the difference in the driving force at various
concentrations of Mn+ . Such a constant driving force de-
pendence of k’CR with variation of [M


n+] is indeed observed
experimentally, as shown in Figure 7.


DG�
ETðCRÞ ¼ ðl=4Þ þ ðDGETðCRÞ=2Þ ð18Þ


@ðDG�
ETðCRÞÞ=@ðDGETðCRÞÞ ¼ ð1=4Þ@ðlÞ=@ðDGETðCRÞÞ þ 0:5 ¼ 0


ð19Þ


The driving force dependence of k’CR is derived from
Equation (12), Equation (17), and Equation (18) as Equa-
tion (20) and Equation (21). Figure 8 shows plots of �kBTln
(k’CR/[M


n+]1/2) against DGET(CR) including all data in Table 1.


�kBTln ðk0CR=½Mnþ	1=2Þ ¼ C þ ðDGETðCRÞ=2Þ ð20Þ


C ¼ ðl0=4Þ�kBTln ½V2ð4p3Kox=h
2lkBTÞ1=2	 ð21Þ


Each of the plots gave a straight line, indicating that C is
nearly independent of concentration of Mn+ but depends on
the type of metal ions. Each linear plot has the same slope,
which is 0.50, consistently with the slope expected from
Equation (20).


Conclusion


Metal ions have been shown to alter the driving force of
electron transfer in ZnP±NIm through the strong binding of
the metal ion with NImC� . The rate constants of the photoin-
duced electron transfer from 1ZnP* to NIm (CS process) are
not affected by the change in the driving force in the pres-
ence of metal ions, since the CS process precedes the bind-
ing of metal ions with NImC� . The kCS values in the absence
and in the presence of metal ions, as well as the kCR values
in the absence of metal ions, are well fitted to the Marcus
equation for non-adiabatic electron transfer with the same l


and V values. The k’CR values of back electron transfer in
the ZnPC+±NImC�/Mn+ complexes (CR process) in the pres-
ence of metal ions become much smaller than those in the
absence of metal ions. The drastic change in the driving
force of back electron transfer is accompanied by a large re-
organization energy required for the electron transfer in-
volving the metal ion complex. The driving force depend-
ence of k’CR of the ZnPC+±NImC�/Mn+ complexes can also be
evaluated well in the context of the Marcus theory of elec-
tron transfer in which both the driving force and the reor-
ganization energy decrease with increasing concentrations of
metal ions. This study therefore provides a new strategy for
controlling the back electron-transfer processes of the
charge-separated states by complexation with metal ions.


Experimental Section


Materials : All solvents and chemicals were of reagent grade quality, ob-
tained commercially, and used without further purification unless other-
wise noted. Scandium triflate [Sc(OTf)3 (99%, F.W. = 492.16)] was pur-
chased from Pacific Metals Co., Ltd. (Taiheiyo Kinzoku). Lutetium tri-
flate [Lu(OTf)3] was prepared as reported previously[24,39] and dried
under vacuum evacuation at 403 K for 40 h prior to use. 1-Benzyl-1,4-di-
hydronicotinamide dimer [(BNA)2] was prepared according to the litera-
ture.[32c,40] The synthesis of N,N’-dihexyl-1,4,5,8-naphthalene-tetracarbox-
ylic 1,8:4,5-diimide (NIm-ref) was reported previously.[41] 5,10,15,20-Tet-
rakis-p-tolyl-21H,23H-porphine was purchased from Aldrich Co., USA.
The tetramethyl-1,4-benzoquinone was purchased from Tokyo Kasei Or-
ganic Chemicals, Japan, and purified by recrystallization from ethanol.[42]


Benzonitrile (PhCN) was purchased from Tokyo Kasei Organic Chemi-
cals and distilled over P2O5 prior to use.


[42]


Synthesis and characterization : Details on the synthesis and characteriza-
tion of the compounds [ZnP±NIm (1), ZnP±Im±NIm (2), and ZnP±NIm±
RC (1RC)] are reported elsewhere.[27] ZnP-ref (zinc 5,10,15,20-tetrakis-p-
tolyl-21H,23H-porphinate) was prepared by addition of zinc acetate to
5,10,15,20-tetrakis-p-tolyl-21H,23H-porphine, followed by heating at
reflux for 1 h in MeOH/MeCN.


Laser flash photolysis and fluorescence decay : Time-resolved fluores-
cence spectra were measured on a Photon Technology International GL-
3300 instrument with a Photon Technology International GL-302, nitro-
gen laser/pumped dye laser system, equipped with a four-channel digital
delay/pulse generator (Stanford Research System Inc. DG535) and a
motor driver (Photon Technology International MD-5020). Excitation
wavelength was 431 nm with use of POPOP (1,4-bis(5-phenyl-2-oxazo-
lyl)benzene) (Wako Pure Chemical Ind. Ltd., Japan) as a dye. Fluores-
cence lifetimes were determined by an exponential curve fit with the aid
of a microcomputer. Nanosecond transient absorption measurements
were carried out with a Nd:YAG laser (Solar, TII) at 431 nm with the
power of 20 mJ as an excitation source. The transient spectra were re-
corded on fresh solutions in each laser excitation. The experiments at
various temperatures were carried out in a Unisoku thermostated cell


Figure 8. Plots of �kBTln (k’CR[Mn+]�1/2) against DGET(CR) for the CR
processes in 1 (*), 2 (&) and 1RC (~) in the presence of Mn+ in PhCN.
Numbers refer to compounds in Table 2. The slope of each plot is 0.50.
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holder designed for low-temperature measurements. The time-resolved
absorption spectra of NIm-ref (1î10�4m) with 2.0î10�2m Sc3+ in the
presence of an excess amount of (BNA)2 in PhCN were measured upon
excitation at 355 nm with the power of 25 mJ. The solution was deoxy-
genated by argon purging for 10 min prior to the measurements.


Spectral measurements : The UV/Vis spectrum of ZnP±NImC� was record-
ed on a Hewlett Packard 8453 diode array spectrophotometer in a quartz
cuvette (pathlength = 10 mm) at 298 K. A benzonitrile solution of ZnP±
NImC� was prepared by the one-electron reduction of ZnP±NIm (1î10�5


m) with tetramethylsemiquinone radical anion, which was produced
through the proportionation reaction between tetramethylhydroquinone
and tetramethyl-1,4-benzoquinone in the presence of tetrabutylammoni-
um hydroxide (TBAOH).[43]


Cyclic voltammetry : Cyclic voltammetry measurements were performed
at 298 K on a BAS 100W electrochemical analyzer in deaerated PhCN
containing 0.1m Bu4NPF6 (TBAPF6) as supporting electrolyte. A conven-
tional three-electrode cell was used, with a platinum working electrode
(surface area of 0.3 mm2) and a platinum wire as the counter-electrode.
The Pt working electrode (BAS) was routinely polished with a BAS pol-
ishing alumina suspension and rinsed with acetone before use. The meas-
ured potentials were recorded with respect to the Ag/AgNO3 (0.01m) ref-
erence electrode. All potentials (against Ag/Ag+) were converted to
values against SCE by adding 0.29 V.[44] All electrochemical measure-
ments were carried out under an atmospheric pressure of argon with the
same scan rate (0.1 Vs�1).


Acknowlegements


This work was partially supported by Grants-in-Aid (Nos. 13440216,
13555247, 11228205) and the Development of Innovative Technology
(No. 12310) from the Ministry of Education, Culture, Sports, Science, and
Technology, Japan, and for Scientific Research (21COE at Osaka Univer-
sity and Kyoto University Alliance for Chemistry). H. I. thanks the
Nagase Foundation for financial support.


[1] a) The Photosynthetic Reaction Center (Eds.: J. Deisenhofer, J. R.
Norris), Academic Press, San Diego, 1993 ; b) Anoxygenic Photosyn-
thetic Bacteria (Eds.: R. E. Blankenship, M. T. Madigan, C. E.
Bauer), Kluwer Academic Publishing, Dordrecht, 1995.


[2] a) R. A. Marcus, Annu. Rev. Phys. Chem. 1964, 15, 155±196;
b) R. A. Marcus, Angew. Chem. 1993, 105, 1161±1171; Angew.
Chem. Int. Ed. Engl. 1993, 32, 1111±1121; c) R. A. Marcus, N. Sutin,
Biochim. Biophys. Acta 1985, 811, 265±322.


[3] For the Marcus inverted region, see: a) G. L. Closs, J. R. Miller, Sci-
ence 1988, 240, 440±447; b) I. R. Gould, S. Farid, Acc. Chem. Res.
1996, 29, 522±528; c) G. McLendon, Acc. Chem. Res. 1988, 21, 160±
167; d) J. R. Winkler, H. B. Gray, Chem. Rev. 1992, 92, 369±379;
e) G. McLendon, R. Hake, Chem. Rev. 1992, 92, 481±490; f) N.
Mataga, H. Miyasaka, Adv. Chem. Phys. 1999, 107, 431±496; g) S.
Fukuzumi, Y. Yoshida, T. Urano, T. Suenobu, H. Imahori, J. Am.
Chem. Soc. 2001, 123, 11331±11332.


[4] a) M. R. Wasielewski, Photoinduced Electron Transfer (Eds.: M. A.
Fox, M. Chanon), Elsevier, Amsterdam, 1988, Part A, pp. 161±206;
b) M. R. Wasielewski, Chem. Rev. 1992, 92, 435±461; c) M. R. Wa-
sielewski, G. P. Wiederrecht, W. A. Svec, M. P. Niemczyk, Sol.
Energy Mater. Sol. Cells 1995, 38, 127±134.


[5] a) M. N. Paddon-Row, Acc. Chem. Res. 1994, 27, 18±25; b) K. D.
Jordan, M. N. Paddon-Row, Chem. Rev. 1992, 92, 395±410.


[6] J. W. Verhoeven, Adv. Chem. Phys. 1999, 106, 603±644.
[7] a) A. Osuka, N. Mataga, T. Okada, Pure Appl. Chem. 1997, 69,


797±802; b) K. Maruyama, A. Osuka, N. Mataga, Pure Appl. Chem.
1994, 66, 867±872.


[8] a) D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 1993, 26,
198±205; b) D. Gust, T. A. Moore, A. L. Moore, S.-J. Lee, E. Bit-
tersmann, D. K. Luttrull, A. A. Rehms, J. M. DeGraziano, X. C. Ma,
F. Gao, R. E. Belford, T. T. Trier, Science 1990, 248, 199±201;
c) C. C. Moser, J. M. Keske, K. Warncke, R. S. Farid, P. L. Dutton,


Nature 1992, 355, 796±802; d) C. C. Page, C. C. Moser, X. Chen,
P. L. Dutton, Nature 1999, 402, 47±52.


[9] a) J. C. Chambron, S. Chardon-Noblat, A. Harriman, V. Heitz, J. P.
Sauvage, Pure Appl. Chem. 1993, 65, 2343±2392; b) M.-J. Blanco,
M. Consuelo Jimÿnez, J.-C. Chambron, V. Heitz, M. Linke, J.-P.
Sauvage, Chem. Soc. Rev. 1999, 28, 293±305; c) J.-C. Chambron, J.-
P. Collin, J.-O. Dalbavie, C. O. Dietrich-Buchecker, V. Heitz, F.
Odobel, N. Solladie, J.-P. Sauvage, Coord. Chem. Rev. 1998, 178±180,
1299±1312; d) A. Harriman, J.-P. Sauvage, Chem. Soc. Rev. 1996, 25,
41±48.


[10] a) F. D. Lewis, X. Liu, J. Liu, S. E. Miller, R. T. Hayes, M. R. Wasie-
lewski, Nature 2000, 406, 51±53; b) F. D. Lewis, R. L. Letsinger,
M. R. Wasielewski, Acc. Chem. Res. 2001. 34, 159±170.


[11] a) V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem.
Rev. 1996, 96, 759±834; b) M. R. Arkin, E. D. A. Stemp, R. E.
Holmlin, J. K. Barton, A. Hormann, E. J. C. Olson, P. F. Barbara,
Science 1996, 273, 475±480.


[12] a) H. Imahori, Y. Sakata, Adv. Mater. 1997, 9, 537±546; b) H. Ima-
hori, Y. Sakata, Eur. J. Org. Chem. 1999, 2445±2457; c) S. Fukuzumi,
D. M. Guldi, Electron Transfer in Chemistry Vol. 2 (Ed.: V. Balzani),
Wiley-VCH, Weinheim, 2001, pp. 270±337.


[13] a) H. Imahori, K. Hagiwara, M. Aoki, T. Akiyama, S. Taniguchi, T.
Okada, M. Shirakawa, Y. Sakata, J. Am. Chem. Soc. 1996, 118, 11
771±11782; b) C. Luo, D. M. Guldi, H. Imahori, K. Tamaki, Y.
Sakata, J. Am. Chem. Soc. 2000, 122, 6535±6551; c) H. Imahori, K.
Tamaki, D. M. Guldi, C. Luo, M. Fujitsuka, O. Ito, Y. Sakata, S. Fu-
kuzumi, J. Am. Chem. Soc. 2001, 123, 2607±2617; d) S. Fukuzumi,
K. Ohkubo, H. Imahori, J. Shao, Z. Ou, G. Zheng, Y. Chen, R. K.
Pandey, M. Fujitsuka, O. Ito, O. K. M. Kadish, J. Am. Chem. Soc.
2001, 123, 10676±10683; e) H. Imahori, K. Tamaki, Y. Araki, Y. Se-
kiguchi, O. Ito, Y. Sakata, S. Fukuzumi, J. Am. Chem. Soc. 2002,
124, 5165±5174; f) T. Kesti, N. V. Tkachenko, V. Vehmanen, H.
Yamada, H. Imahori, S. Fukuzumi, H. Lemmetyinen, J. Am. Chem.
Soc. 2002, 124, 8067±8077.


[14] H. Imahori, D. M. Guldi, K. Tamaki, Y. Yoshida, C. Luo, Y. Sakata,
S. Fukuzumi, J. Am. Chem. Soc. 2001, 123, 6617±6628.


[15] a) D. Gust, T. A. Moore, The Porphyrin Handbook, Vol. 8 (Eds.:
K. M. Kadish, K. M. Smith, R. Guilard), Academic Press, San
Diego, CA, 2000, pp. 153±190; b) D. Gust, T. A. Moore, A. L.
Moore, Res. Chem. Intermed. 1997, 23, 621±651; c) D. Gust, T. A.
Moore, A. L. Moore, Acc. Chem. Res. 2001, 34, 40±48.


[16] a) P. A. Liddell, D. Kuciauskas, J. P. Sumida, B. Nash, D. Nguyen,
A. L. Moore, T. A. Moore, D. Gust, J. Am. Chem. Soc. 1997, 119,
1400±1405; b) D. Carbonera, M. Di Valentin, C. Corvaja, G. Agosti-
ni, G. Giacometti, P. A. Liddell, D. Kuciauskas, A. L. Moore, T. A.
Moore, D. Gust, J. Am. Chem. Soc. 1998, 120, 4398±4405; c) D. Ku-
ciauskas, P. A. Liddell, A. L. Moore, T. A. Moore, D. Gust, J. Am.
Chem. Soc. 1998, 120, 10880±10886; d) D. Kuciauskas, P. A. Liddell,
S. Lin, T. E. Johnson, S. J. Weghorn, J. S. Lindsey, A. L. Moore, T. A.
Moore, D. Gust, J. Am. Chem. Soc. 1999, 121, 8604±8614.


[17] a) N. MartÌn, L. Sµnchez, B. Illescas, I. Pÿrez, Chem. Rev. 1998, 98,
2527±2548; b) F. Diederich, M. GÛmez-LÛpez, Chem. Soc. Rev.
1999, 28, 263±277.


[18] a) R. M. Williams, J. M. Zwier, J. W. Verhoeven, J. Am. Chem. Soc.
1995, 117, 4093±4099; b) R. M. Williams, M. Koeberg, J. M. Lawson,
Y.-Z. An, Y. Rubin, M. N. Paddon-Row, J. W. Verhoeven, J. Org.
Chem. 1996, 61, 5055±5062.


[19] a) P. S. Baran, R. R. Monaco, A. U. Khan, D. I. Schuster, S. R.
Wilson, J. Am. Chem. Soc. 1997, 119, 8363±8364; b) D. I. Schuster,
P. Cheng, S. R. Wilson, V. Prokhorenko, M. Katterle, A. R. Holz-
warth, S. E. Braslavsky, G. Klihm, R. M. Williams, C. Luo, J. Am.
Chem. Soc. 1999, 121, 11599±11600; c) J.-F. Nierengarten, C. Schall,
J.-F. Nicoud, Angew. Chem. 1998, 110, 2037±2040; Angew. Chem.
Int. Ed. 1998, 37, 1934±1936; d) A. W. Jensen, S. R. Wilson, D. I.
Schuster, Bioorg. Med. Chem. 1996, 4, 767±779; e) J.-F. Eckert, J.-F.
Nicoud, J.-F. Nierengarten, S.-G. Liu, L. Echegoyen, F. Barigelletti,
N. Armaroli, L. Ouali, V. Krasnikov, G. Hadziioannou, J. Am.
Chem. Soc. 2000, 122, 7467±7479.


[20] a) F.-P. Montforts, O. Kutzki, Angew. Chem. 2000, 112, 612±614;
Angew. Chem. Int. Ed. 2000, 39, 599±601; b) D. M. Guldi, M. Mag-
gini, G. Scorrano, M. Prato, J. Am. Chem. Soc. 1997, 119, 974±980;
c) A. Polese, S. Mondini, A. Bianco, C. Toniolo, G. Scorrano, D. M.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 474 ± 483482


FULL PAPER H. Imahori, S. Fukuzumi et al.



www.chemeurj.org





Guldi, M. Maggini, J. Am. Chem. Soc. 1999, 121, 3446±3452; d) C.
Luo, D. M. Guldi, M. Maggini, E. Menna, S. Mondini, N. A. Kotov,
M. Prato, Angew. Chem. 2000, 112, 4052±4056; Angew. Chem. Int.
Ed. 2000, 39, 3905±3909; e) D. M. Guldi, M. Prato, Acc. Chem. Res.
2000, 33, 695±703.


[21] a) S. Fukuzumi in Electron Transfer in Chemistry, Vol. 4 (Ed.: V.
Balzani), Wiley-VCH, Weinheim, 2001, pp. 3±67; b) S. Fukuzumi,
Org. Biomol. Chem. 2003, 1, 609±620; c) S. Fukuzumi, S. Itoh, Adv.
Photochem. 1998, 25, 107±172.


[22] a) S. Fukuzumi, S. Koumitsu, K. Hironaka, T. Tanaka, J. Am. Chem.
Soc. 1987, 109, 305±316; b) S. Fukuzumi, N. Nishizawa, T. Tanaka, J.
Chem. Soc. Perkin Trans. 2 1985, 371±378.


[23] a) S. Fukuzumi, T. Okamoto, J. Otera, J. Am. Chem. Soc. 1994, 116,
5503±5504; b) S. Fukuzumi, N. Satoh, T. Okamoto, K. Yasui, T. Sue-
nobu, Y. Seko, M. Fujitsuka, O. Ito, J. Am. Chem. Soc. 2001, 123,
7756±7766; c) S. Fukuzumi, H. Mori, H. Imahori, T. Suenobu, Y.
Araki, O. Ito, K. M. Kadish, J. Am. Chem. Soc. 2001, 123, 12458±12
465; d) S. Fukuzumi, Y. Fujii, T. Suenobu, J. Am. Chem. Soc. 2001,
123, 10191±10199.


[24] a) S. Fukuzumi, K. Ohkubo, T. Okamoto, J. Am. Chem. Soc. 2002,
124, 14147±14155; b) S. Fukuzumi, O. Inada, N. Satoh, T. Suenobu,
H. Imahori, J. Am. Chem. Soc. 2002, 124, 9181±9188; c) S. Fukuzu-
mi, J. Yuasa, T. Suenobu, J. Am. Chem. Soc. 2002, 124, 12566±12
573.


[25] a) S. Fukuzumi, K. Okamoto, H. Imahori, Angew. Chem. 2002, 114,
642±644; Angew. Chem. Int. Ed. 2002, 41, 620±622; b) S. Fukuzumi,
K. Okamoto, Y. Yoshida, H. Imahori, Y. Araki, O. Ito, J. Am.
Chem. Soc. 2003, 125, 1007±1013; c) K. Okamoto, H. Imahori, S.
Fukuzumi J. Am. Chem. Soc. 2003, 125, 7014±7021.


[26] a) S. Fukuzumi, K. Ohkubo, Chem. Eur. J. 2000, 6, 4532±4535; b) S.
Fukuzumi, K. Ohkubo, J. Am. Chem. Soc. 2002, 124, 10270±10271.


[27] Y. Mori, Y. Sakaguchi, H. Hayashi, J. Phys. Chem. A. 2002, 106,
4453±4467.


[28] For the radical anion of NIm, see: a) A. Osuka, S. Nakajima, K.
Maruyama, N. Mataga, T. Asahi, I. Yamazaki, Y. Nishimura, T.
Ohno, K. Nozaki, J. Am. Chem. Soc. 1993, 115, 4577±4587; b) A.
Osuka, R. P. Zhang, K. Maruyama, T. Ohno, K. Nozaki, Bull. Chem.
Soc. Jpn. 1993, 66, 3773±3782; c) A. Osuka, H. Shiratori, R. Yone-
shima, T. Okada, S. Taniguchi, N. Mataga, Chem. Lett. 1995, 913±
914.


[29] The radical cation of Zn(TPP) (zinc 5,10,15,20-tetraphenyl-21H,23
H-porphinate) has the characteristic broad absorption in 500±
700 nm together with an intense band at 406 nm; see: J. Fajer, D. C.
Borg, A. Forman, D. Dolphin, R. H. Felton, J. Am. Chem. Soc. 1970,
92, 3451±3459.


[30] The bleaching of the porphyrin Q band is observed at 560 nm in
Figure 2a.


[31] In Figure 2b, only the absorption bands due to the (NIm-ref)C�/Sc3+


complex are observed, since (BNA)2C+ produced in the photoin-


duced electron transfer from (BNA)2 to NIm-ref is converted into
BNA+ , which has no absorption band in the visible region; see ref.
[32].


[32] a) S. Fukuzumi, M. Patz, T. Suenobu, Y. Kuwahara, S. Itoh, J. Am.
Chem. Soc. 1999, 121, 1605±1606; b) S. Fukuzumi, T. Suenobu, M.
Patz, T. Hirasaka, S. Itoh, M. Fujitsuka, O. Ito, J. Am. Chem. Soc.
1998, 120, 8060±8068.


[33] The kCR value is much smaller than that reported for a zinc porphyr-
in±naphthalenediimide dyad with a longer spacer (an additional
phenyl group is inserted); see: H. Imahori, H. Yamada, D. M. Guldi,
Y. Endo, A. Shimonura, S. Kundu, K. Yamada, T. Okada, Angew.
Chem. 2002, 114, 2450±2453; Angew. Chem. Int. Ed. 2002, 41,
2344±2347. The kCR value is hence highly sensitive to the spacer
length of an electron donor±acceptor dyad.


[34] If the charge-separated state with a triplet spin multiplicity–
3[ZnPC+±NImC�]–is formed, its decay rate could be determined by
the spin conversion rate to give the singlet state 1[ZnPC+±NImC�](see
ref. [27]). In such a case, the rate constant of the spin-allowed CR
process, 1[ZnPC+±NImC�]!ZnP-NIm, would be larger than the ob-
served decay rate constant. It should be noted, however, that the
singlet excited state, 1ZnP*, in ZnP-NIm undergoes the CS process
with a high efficiency (FCS = 0.89), predominating over the inter-
system crossing to give the triplet excited state 3ZnP* (FISC = 0.09).


[35] The transient absorption spectrum of 2 in the presence of Sc3+ also
affords the absorption bands due to the NImC�/Sc3+ complex.


[36] The CS process of 2 may proceed in a stepwise manner. However,
the absence of any intermediate in the fast spectroscopy indicates
that the secondary charge-shift reaction would be much faster than
the primary CS process (ref. [27]). The faster CS rate of 2 than of 1
(Table 1) may be attributed to this primary CS process.


[37] L. Meites, Polarographic Techniques, Wiley, New York, 1965,
2nd ed., pp. 203±301.


[38] R. A. Marcus, J. Phys. Chem. B 1998, 102, 10071±10077.
[39] a) J. H. Forsberg, V. T. Spaziano, T. M. Balasubramanian, G. K. Liu,


S. A. Kinsley, C. A. Duckworth, J. J. Poteruca, P. S. Brown, J. L.
Miller, J. Org. Chem. 1987, 52, 1017±1021; b) S. Kobayashi, I. Ha-
chiya, J. Org. Chem. 1994, 59, 3590±3596.


[40] K. Wallenfels, M. Gellrich, Chem. Ber. 1959, 92, 1406±1415.
[41] D. G. Hamilton, L. Prodi, N. Feeder, J. K. M. Sanders, J. Chem. Soc.


Perkin Trans. 1 1999, 1057±1066.
[42] D. D. Perrin, W. L. F. Armarego, D. R. Perrin, Purification of Labo-


ratory Chemicals 4th edition, Pergamon Press, Elmsford, NY, 1996.
[43] S. Fukuzumi, I. Nakanishi, T. Suenobu, K. M. Kadish, J. Am. Chem.


Soc. 1999, 121, 3468±3474.
[44] C. K. Mann, K. K. Barnes, Electrochemical Reactions in Nonaqueous


Systems, Marcel Dekker, New York, 1990.
Received: June 17, 2003


Revised: September 23, 2003 [F5239]


Chem. Eur. J. 2004, 10, 474 ± 483 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 483


H. Imahori, S. Fukuzumi et al. 474 ± 483



www.chemeurj.org






Palladium-Catalyzed Cross-Coupling Reactions of Amines with Alkenyl
Bromides: A New Method for the Synthesis of Enamines and Imines


Josÿ Barluenga,* M. Alejandro Fernµndez, Fernando Aznar, and Carlos Valdÿs[a]


Introduction


The C�N bond can be found in a great number of organic
compounds of major importance, such as biologically active
natural products, pharmaceuticals, and dyes. Imines and en-
amines are among the most useful intermediates for intro-
ducing a nitrogen-containing fragment in a synthetic se-
quence due to their versatile reactivity.[1] For this reason, the
development of new methods to selectively prepare these
systems is of great interest.


The standard procedure to synthesize imines and enam-
ines is the condensation of an amine with the appropriate
carbonyl compound, usually in the presence of an acid cata-
lyst and a water scavenger.[2] While this approach is fairly


general, it presents several limitations, such as harsh reac-
tion conditions and low functional group tolerance. More-
over, no real control of the regiochemistry and stereochem-
istry can be expected in the synthesis of enamines from a
nonsymmetric ketone (Scheme 1).


Enamines have also been prepared by alternative ap-
proaches, for instance, by olefination strategies involving
amine-substituted Wadsworth±Emmons reagents[3] or meth-
ylenation of amides.[4] Another appealing and atom-econom-
ical approach to enamines and imines is the metal-catalyzed
hydroamination of alkynes. This method, pioneered by our
group several years ago,[5] is currently an area of active re-
search.[6,7]


On the other hand, in the recent years, the palladium-cat-
alyzed cross-coupling reaction of aryl halides with amines,
known as the Buchwald±Hartwig reaction,[8] has emerged as
a very powerful procedure for the creation of C�N bonds
(Scheme 2A). Over the last few years, the work of the
Buchwald and Hartwig groups, and others, has led to the de-
velopment of very efficient catalytic systems for this trans-
formation. In fact, very active catalysts have been devised
for the amination not only of aryl bromides[9] but also for
the less reactive aryl chlorides[10] and sulfonates.[11] Further-
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Abstract: The palladium-catalyzed
cross-coupling reaction of alkenyl bro-
mides with secondary and primary
amines gives rise to enamines and
imines, respectively. This new transfor-
mation expands the applicability of pal-
ladium-catalyzed C�N bond forming
reactions (the Buchwald±Hartwig ami-
nation), which have mostly been ap-
plied to aryl halides. After screening of
different ligands, bases, and solvents,
the catalytic combination [Pd2(dba)3]/
BINAP in the presence of NaOtBu in
toluene gave the best results in the
cross-coupling of secondary amines
with 1-bromostyrene (dba=dibenzyli-
deneacetone, BINAP=2,2’-bis(diphe-
nylphosphino)-1,1’-binaphthyl). The


corresponding enamines are obtained
cleanly and in nearly quantitative
yields. However, steric hindrance
seems to be a limitation of the reac-
tion, as amines carrying large substitu-
ents are not well converted. The same
methodology can be applied to the
coupling of secondary amines with 2-
bromostyrene. Moreover, the reaction
with substituted 2-bromopropenes
allows regioselective synthesis of iso-
merizable terminal enamines without
isomerization of the double bond. The
best catalytic conditions for the cross-


coupling of 1-bromostyrene with pri-
mary amines include again the use of
the Pd0/BINAP/NaOtBu system. The
reaction gives rise to the expected
imines in very short times and with low
catalyst loadings. A set of structurally
diverse imines can be prepared by this
methodology through variations in the
structure of both coupling partners.
However, 2-bromostyrene failed to
give good results in this coupling reac-
tion, probably due to product inhibi-
tion of the catalytic cycle. Competition
experiments of vinyl versus aryl amina-
tion reveal that the reaction occurs
preferentially on vinyl bromides.Keywords: alkenes ¥ amination ¥


amines ¥ cross-coupling ¥ palladium
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more, the reaction has been ap-
plied to many N�H-containing
species other than amines.[12]


The application of the same
catalytic process to alkenyl ha-
lides should provide enamines
and imines (Scheme 2B). How-
ever, in spite of the great inter-
est that this reaction has at-
tracted in the recent years, its


application to vinyl halides instead of aryl halides has hardly
been studied.


To the best of our knowledge, only two contributions,
prior to our previous communication,[13] had described palla-
dium-catalyzed C�N bond-forming reactions with vinyl ha-
lides: the synthesis of N-vinyl azoles from vinyl bromides[14]


and the palladium-catalyzed intramolecular cyclization of a
b-lactam and a vinyl bromide as the key step in the synthesis
of carbapenem derivatives.[15] More recently, the palladium-
catalyzed amination of vinyl sulfonates has also been report-
ed.[16]


A major research theme in our group over the years has
been the synthesis and applications of simple and cross-con-
jugated enamines (2-amino-1,3-dienes). We uncovered sev-
eral years ago a very efficient method for the synthesis of
enamines by hydroamination of terminal acetylenes cata-
lyzed by thalium or mercury salts.[5] The enamines resulting
from this approach are very versatile intermediates, for in-
stance, as dienes in cycloaddition reactions,[17] substrates for
Claisen rearrangements,[18] and chameleon linkers in solid-
phase organic synthesis.[19] However, the use of highly toxic
salts and the sometimes sluggish purification methods re-
quired prompted us to search for alternative synthetic
routes to these types of enamines.


In a previous communication we disclosed the cross-cou-
pling reaction of vinyl bromides with secondary amines,
which can be regarded as a new alternative for the synthesis
of enamines.[13] In this paper we wish to report a detailed
study of the scope and limitations of this particular transfor-
mation oriented toward the preparation of imines and en-
amines by coupling of vinyl bromides with primary or secon-
dary amines, respectively.


Results and Discussion


Coupling of vinyl halides with secondary amines: Synthesis
of enamines from vinyl bromides : In our initial experiments
we chose the reaction of 1-bromostyrene (1a) with morpho-
line (2a) as a model to develop suitable reaction conditions
(Table 1). The reaction was studied in the presence of differ-
ent palladium sources and ligands,[20] with NaOtBu, the stan-
dard base for amination of aryl halides, being used as an ad-
ditive. The reactions were carried out in toluene at 90 8C for
6 h. The coupling took place under several of the reaction
conditions to furnish enamine 3a. As presented in Table 1,
complete conversion (based on 1-bromostyrene) was ach-
ieved with several different catalytic combinations. Howev-
er, the best yields of 3a were obtained in the reactions that


Abstract in Spanish: La reacciÛn de acoplamiento cruzado
de bromuros de alquenilo con aminas secundarias y prima-
rias da lugar a enaminas e iminas respectivamente. Esta
nueva transformaciÛn expande las aplicaciones de la reacciÛn
de formaciÛn de enlaces C�N catalizada por paladio (amina-
ciÛn Buchwald±Hartwig), que se habÌa limitado fundamen-
talmente a haluros de arilo. Despuÿs de un estudio de diferen-
tes ligandos. bases y disolventes, los mejores resultados en la
reacciÛn de acoplamiento cruzado de aminas secundarias
con 1-bromoestireno, se obtuvieron para el catalizador cons-
tituido por la combinaciÛn Pd/BINAP en presencia de
NaOtBu en tolueno. Las correspondientes enaminas se obtie-
nen limpiamente y con rendimientos prµcticamente cuantitati-
vos. Sin embargo, los impedimentos estÿricos en la amina pa-
recen ser una limitaciÛn de la reacciÛn, puesto que aminas
con sustituyentes voluminosos proporcionan conversiones
bajas. La misma metodologÌa puede aplicarse al acoplamien-
to de aminas secundarias con 2-bromoestireno. Ademµs, la
reacciÛn con 2-bromopropenos sustituidos permite obtener
de forma regioselectiva enaminas terminales isomerizables,
sin que la isomerizaciÛn del doble enlace tenga lugar. Las
mejores condiciones catalÌticas para el acoplamiento de
aminas primarias con 1-bromoestireno incluyen de nuevo la
utilizaciÛn del sistema Pd(0)/BINAP/NaOtBu. La reacciÛn
proporciona las iminas esperadas en tiempos de reacciÛn
muy cortos y con baja carga del catalizador. Mediante esta
metodologÌa pueden prepararse un conjunto de iminas de
gran diversidad estructural, permitiendo variaciones en
ambos reactivos de acoplamiento. Sin embargo, la reacciÛn
con 2-bromoestireno no produce buenos resultados en este
acoplamiento, probablemente debido a inhibiciÛn del ciclo
catalÌtico por parte del producto de reacciÛn. Finalmente, ex-
perimentos de competencia de aminaciÛn vinÌlica frente a
aminaciÛn arÌlica, ponen de manifiesto que esta reacciÛn se
produce de forma preferente sobre los bromuros de vinilo.


Scheme 1. Synthesis of enamines and imines by condensation of an amine with a carbonyl compound: the clas-
sical approach.


Scheme 2. a) Buchwald±Hartwig amination. b) Amination of vinyl hal-
ides.


Chem. Eur. J. 2004, 10, 494 ± 507 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 495


494 ± 507



www.chemeurj.org





employed either BINAP or 4 as the ligand. Further experi-
ments with lower catalyst loadings and temperatures
(Table 1, entries 8±13) revealed [Pd2(dba)3]/BINAP[21] as the
more active catalytic combination. Interestingly, bulky and
electron-rich ligands such as 4 and PtBu3, which are able to
catalyze the amination of aryl bromides at room tempera-
ture, did not perform better than BINAP in this reaction at
RT or at higher temperatures. Presumably, the kinetics in
this process are different from the amination of aryl halides
and the oxidative addition is not the rate-determining step.
For these reasons, we carried out the following studies by
using the Pd/BINAP combination.


First, we examined different reaction conditions, solvents,
and bases (Table 2). No particular improvement was found
by changing to more polar solvent such as dioxane, while
the reaction in DMF and the presence of water led to very
low conversion. The reactions in the presence of milder
bases were also assayed. However, the most common bases
used in aminations of aryl halides (Cs2CO3, K3PO4, and
NaOH) did not provide complete conversion under the re-
action conditions studied. These preliminary results estab-
lished the Pd/BINAP/NaOtBu catalytic combination in tolu-
ene as the most appropriate. Therefore, we set out to inves-
tigate the scope of this transformation regarding both cou-
pling partners, the amine and the alkenyl bromide.


The results of the reaction of 1-bromostyrene (1a) with a
set of structurally diverse secondary amines 2 are presented
in Table 3. Excellent yields are obtained for a cyclic amine
such as morpholine (2a), an aliphatic acyclic amine such N-


methylbenzylamine (2b), and
an aromatic amine such as N-
methylaniline (2c). However,
the reaction is very sensitive to
the bulkiness of the substitu-
ents, and a slight increase in
their size, from methyl to ethyl
(compare entries 3 and 6 in
Table 3) or benzyl (compare en-
tries 2 and 7 in Table 3), gives
rise to a dramatic decrease in
the conversion of the reaction.
For instance, under the condi-
tions described complete con-
version is achieved with N-
methylaniline (2c) and only 50
% is converted with N-ethylani-
line (2e). Unfortunately, con-
versions and yields could not be
improved by raising the temper-
ature or increasing the catalyst
loading. However, an increase
in the catalyst loading remarka-
bly accelerates the cross-cou-
pling reaction with unhindered
amines. As shown in entry 4 in
Table 3, complete conversion is
achieved for the coupling of N-
methylaniline (2c) in only
1 hour when the reaction is con-


ducted with 3 mol% of Pd. In fact, faster reaction rates are
important when potentially sensitive functional groups are
present. For example, functionalized piperidines 2g and 2h


Table 1. Influence of the ligand and the temperature in the synthesis of enamine 3a by the cross-coupling re-
action of 1-bromostyrene (1a) with morpholine (2a) in toluene.[a]


Entry Pd source (mol%) Ligand t [h] T [8C] Conversion[b] [%]


1 [Pd2(dba)3]
[c] (1) P(o-Tol)3


[d] 6 90 100 (78)
2 [Pd2(dba)3] (1) BINAP[e] 6 90 100 (96)
3 Pd(OAc)2 (1) BINAP 6 90 100 (91)
4 [Pd2(dba)3] (1) PPh3 6 90 100 (85)
5 [Pd2(dba)3] (1) DPPF[f] 6 90 100 (69)
6 [Pd2(dba)3] (1) 4[g] 6 90 100 (95)
7 [Pd2(dba)3] (1) PtBu3


[h] 6 90 100 (85)
8 [Pd2(dba)3] (0.5) BINAP 6 90 100 (69)
9 [Pd2(dba)3] (0.05) BINAP 6 90 <1
10 [Pd2(dba)3] (1) BINAP 6 40 100 (89)
11 [Pd2(dba)3] (1) BINAP 6 20 22
12 [Pd2(dba)3] (1) 4 16 20 19[i]


13 [Pd2(dba)3] (1) PtBu3
[h] 6 20 2


[a] Reaction conditions: 1 equivalent of 1a, 1.1 equivalents of 2a, 1:3 Pd:Ligand molar ratio, 1.4 equivalents of
NaOtBu, 4 mL of toluene per mmol of 1a, 90 8C. [b] Determined by GC. Yields are indicated in parentheses.
[c] dba=dibenzylideneacetone. [d] o-Tol=ortho-Tolyl. [e] BINAP=2,2’-bis(diphenylphosphino)-1,1’-binaphth-
yl. [f] DPPF=1,1’-bis(diphenylphosphino)ferrocene. [g] 4=2-dicyclohexylphosphino-2’-dimethylaminobiphen-


yl. [h] A 1:0.8 Pd:ligand molar ratio was used.


Table 2. Influence of the solvent and base in the synthesis of enamine 3a
by the cross-coupling reaction of 1-bromostyrene (1a) with morpholine
(2a) in the presence of the Pd/BINAP catalytic system.[a]


Entry Base Solvent t [h] Conversion[b] [%]


1 NaOtBu toluene 1 65
2 NaOtBu toluene 6 100 (96)
3 NaOtBu dioxane 6 100 (94)
4 NaOtBu DMF[c] 24 >5
5 NaOtBu toluene/H2O (1:1) 24 16
6 Cs2CO3 toluene 6 20
7 Cs2CO3 toluene 24 45
8 K3PO4 toluene 6 >5
9 K3PO4 toluene 24 10
10 Na2CO3 toluene 24 >5
11 NaOH toluene 6 65
12 NaOH toluene 24 87
13 Cs2CO3 dioxane 6 40
14 Cs2CO3 dioxane 24 60
15 K3PO4 dioxane 6 10
16 K3PO4 dioxane 24 18


[a] Reaction conditions: 1 equivalent of 1a, 1.1 equivalents of 2a, 1 mol
% of [Pd2(dba)3], 3 mol% of BINAP, 1.4 equiv of base, 4 mL of solvent
per mmol of 1a, 90 8C. [b] Determined by GC. Yields indicated in paren-
theses in specific cases.[c] DMF=N,N-Dimethylformamide.


¹ 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 494 ± 507496


FULL PAPER J. Barluenga et al.



www.chemeurj.org





(Table 3, entries 8 and 9) were successfully coupled with 1a
in 1 hour in the presence of 3 mol% of Pd without forma-
tion of any of the side products that may have been pro-
duced with longer reaction times.


In all cases the enamines were isolated as pure com-
pounds (as judged by 1H and 13C NMR spectroscopy) after
dilution with dry hexanes, filtration through celite, evapora-
tion of the solvents, and removal of the slight excess of
amine under high vacuum. This is an important feature, as
aqueous work-up and chromatographic techniques are not
suitable for the purification of enamines because of their
water sensitivity whereas high-vacuum distillation is only
possible for systems with reasonably low boiling points.


The same reaction was then studied with trans-2-bromo-
styrene (1b), a typical b-substituted vinyl bromide. The re-
sults are summarized in Table 4. Again, very high yields are
obtained for the coupling with morpholine (2a) and N-
methylaniline (2c). Contrary to the case of 1-bromostyrene
(1a), high conversions were also achieved for reactions of 1
b with bulkier amines such as 2e, 2 f, and 2 i (compare en-


tries 3±5 in Table 4 against en-
tries 6 and 7 in Table 3). An ac-
ceptable yield was obtained
even for branched amine 2 j
(Table 4, entry 6). Clearly, the
diminished steric hindrance
around the vinyl bromide in 1b
in comparison to that in 1a
allows for easier participation
of amines bearing large sub-
stituents in the reaction.


The reactions described in
Table 4, carried out with trans-
2-bromostyrene, furnished ex-
clusively the trans isomer of the
enamine. However, when the
same reactions were conducted
with cis-2-bromostyrene a mix-
ture of both isomers was ob-
tained under all the reaction
conditions examined, even
when the catalyst loading was
increased substantially in order
to reduce the reaction times
(Scheme 3). This lack of stereo-
specificity differs from the ob-
servations of Voskoboynikov
and co-workers,[14] who report-
ed the palladium-catalyzed ster-
eospecific vinylation of azoles.
Nevertheless, this different be-
havior is not surprising, as the
isomerization of the enamines
can take place easily by a tauto-
merism, which is not likely to
happen in the case of the vinyl
azoles.


Alkenyl bromides with the
general structure 5 (3-substitut-


ed-2-bromopropenes) are particularly challenging substrates
(Scheme 4). The amination reaction of 5 gives rise to termi-
nal enamines 6, which may undergo a very easy isomeriza-
tion to the more substituted internal enamine 7. In fact,
when the coupling reactions are conducted under the stan-
dard reaction conditions described above, a mixture of both
enamines is obtained. For instance, the reaction of 2-bromo-
4-phenyl-1-butene (5a) with N-methylaniline (2c) under
those conditions (1 mol% Pd(OAc)2, BINAP, 80 8C, 6 h)
produces a 1:2 mixture of the terminal and the internal en-


Table 3. Reaction of 1-bromostyrene (1a) with secondary amines 2 catalyzed by the Pd/BINAP system in tolu-
ene at 90 8C.[a]


Entry Amine 2 Pd source (mol%) t [h] Enamine 3 Yield [%]


1 [Pd2(dba)3] (1) 6 96


2 [Pd2(dba)3] (1) 6 95


3 [Pd2(dba)3] (1) 6 97


4[b] Pd(OAc)2 (3) 1 98


5 Pd(OAc)2 (1) 12 75


6[c] [Pd2(dba)3] (1) 20 50[d]


7[c] Pd(OAc)2 (1) 20 35[d]


8[b] Pd(OAc)2 (3) 1 90


9[b] Pd(OAc)2 (3) 1 90


[a] Reaction conditions: 1 equivalent of 1a, 1.1 equivalents of amine, 1±3 mol% Pd, 3 mol% BINAP,
1.4 equivalents of base, 4 mL of toluene per mmol of 1a, 90 8C. [b] Carried out at 80 8C with 6 mol% BINAP
and 1 equiv of amine. [c] Carried out at 100 8C. [d] Conversion (%) determined by GC and 1H NMR spectro-
scopy of the crude reaction mixture.


Scheme 3. Stereoselectivity in the amination of cis- and trans-2-bromos-
tyrene.
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amines, 6a and 7a, respectively
(Scheme 2). Nevertheless, it is
possible to obtain exclusively
the terminal enamine 6a by in-
creasing the catalyst loading
and, therefore, reducing the re-
action time. Thus, when the
same reaction is carried out
with 3 mol% of Pd, complete
conversion is achieved in
1.5 hours and the terminal en-
amine 6a is isolated without
formation of the internal
isomer 7a, as determined from
1H and 13C NMR spectra.


The regioselective formation
of terminal enamines 6 was ex-
tended to several different sub-
strates, including functionalized
bromoolefins (Table 5). In all
cases, the terminal regioisomers
were cleanly obtained after pu-
rification by dilution of the re-
action mixture with dry hex-
anes, filtration through celite,
and removal of the solvents.
However, most of the terminal
enamines undergo spontaneous
isomerization upon standing.


It is worth noting that, with
the exception of some particu-
lar examples,[22] to the best of
our knowledge no general
method for the preparation of
these terminal isomerizable en-
amines has been described pre-
viously. Moreover, the bro-
mides required for the amina-
tion reaction are very easily ac-
cessible from commercial 2,3-
dibromopropene. Therefore,
the present method constitutes
a unique and very convenient
procedure for accessing this
type of system.


Coupling of vinyl bromides
with primary amines: Synthesis
of imines : We next turned our
attention to the coupling reac-
tion of vinyl bromides with pri-
mary amines, which gives rise
to imines after tautomerization
of the initially formed enamine.
The synthesis of imine 9a from
1-bromostyrene (1a) and p-ani-
sidine (8a) was selected as a
representative example to de-
velop suitable reaction condi-


Table 4. Synthesis of enamines 4 by reaction of trans-2-bromostyrene (1b) with secondary amines 2 catalyzed
by the Pd/BINAP system.[a]


Entry Amine Pd source (mol%) t [h][b] Product Yield [%]


1[c] [Pd2(dba)3] (1) 6 95


2[c] [Pd2(dba)3] (1) 6 96


3 [Pd2(dba)3] (1) 20 80


4[d] [Pd2(dba)3] (2) 20 90


5 [Pd2(dba)3] (1) 20 70


6[d] Pd(OAc)2 (2) 20 64


7[e] Pd(OAc)2 (3) 1 97


8[e] Pd(OAc)2 (3) 1 95


9[e] Pd(OAc)2 (3) 1 97


[a] Reaction conditions: 1 equivalent of 1b, 1.1 equivalents of amine, 1.4 equivalents of NaOtBu, 1±3 mol%
Pd, 2±6 mol% BINAP, 4 mL of toluene per mmol of 1b, 100 8C. [b] Reaction times have not been optimized.
[c] Reaction carried out at 90 8C. [d] Ligand=P(o-tol)3. [e] Reaction carried out at 80 8C with 6 mol% of
BINAP and 1 equiv of amine.


Scheme 4. Regioselectivity in the synthesis of terminal isomerizable enamines 6.
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tions. The activities of different ligands in toluene with
NaOtBu as the base are represented in Table 6. BINAP and
phosphine 4 were the best ligands for this transformation.
The reaction proceeds much faster and requires lower cata-
lyst loading than the coupling with secondary amines. For in-
stance, complete conversions are achieved with 1 mol% of
Pd and 3 mol% of BINAP, 4, or DPPF in only 15 min at
908C, to provide quantitative yields of imine 9a (Table 6, en-
tries 1,3, and 8, respectively). Moreover, the reaction can be
carried out also with almost quantitative yields in 45 min by
using as little as 0.1 mol% of Pd at 90 8C (Table 6, entry 12).


The influence of the solvent and the base was also studied
(Table 7). As in the reaction with secondary amines, toluene
performed better than more polar solvents such as dioxane
or DMF. Moreover, NaOtBu was the most effective base,
and again, in our hands, milder bases such as Cs2CO3 and
K3PO4 were not able to provide complete conversion at
1 mol% Pd loading (Table 7).


Therefore, the scope of the reaction was studied with the
Pd/BINAP/NaOtBu catalytic system (1 mol% of Pd) in tolu-


ene at 90 8C as the typical ex-
perimental conditions. Repre-
sentative examples of the cou-
pling with different amines are
presented in Table 8. The cou-
pling proceeds with excellent
yields with all types of aromatic
amines carrying electron-donat-
ing substituents, such as OMe
and Me (Table 8, entries 1,6
and 2,5, respectively), or elec-
tron-withdrawing substituents,
such as CN and NO2 (Table 8,
entries 3 and 4), although the
latter required longer reaction
times. Moreover, steric hin-
drance is not a serious limita-
tion for this reaction, as ortho-
substituted aromatic amines
react readily (Table 8, entries 5±
7) and even the very hindered
2,4,6-trimethylaniline (Table 8,
entry 10) was coupled quantita-
tively in 90 min. Only for 2,6-di-
bromoaniline (Table 8, entry 11)
was a lower yield (50%) ob-
tained. It is interesting to note
the chemoselectivity of the re-
action (vinyl amination versus
aromatic amination), as no ho-
mocoupling by aromatic amina-
tion was observed when bro-
moanilines were employed
(Table 8, entries 7±9). Aliphatic,
allylic, and benzylic amines
were also coupled equally effec-
tively (Table 8, entries 12±15).
Linear and also branched
(Table 8, entry 15) amines were


employed, with nearly quantitative yields, which shows that
the steric effects are not as important as in the synthesis of
enamines by coupling of secondary amines as discussed
before.


Excellent results were also obtained with a set of structur-
ally diverse 3-substituted-2-bromopropenes 5. The expected
imines 10 were obtained in very high yields under the same
reaction conditions (Table 9). Again, both aromatic (Table 9,
entries 1±4) and benzylic (Table 9, entries 5 and 6) amines
were successfully coupled.


Following the same sequence as for the secondary amines,
we next examined the coupling with 2-bromostyrene (1b).
Unexpectedly, the reactions of p-anisidine (8a) or 4-methoxy-
benzylamine (8n) with 2-bromostyrene (1b) failed to pro-
ceed with high conversion (Scheme 5). Several reaction con-
ditions and catalytic systems were tested in this particular
coupling, and in the best cases the crude reaction mixture
consisted of starting reagents and the enamine coming from
the amination reaction, with conversions of around 50%.


Table 5. Regioselective synthesis of terminal isomerizable enamines 6.[a]


Entry Bromide Amine Pd source (mol%) t [h][b] Product Yield [%]


1[c] Pd(OAc)2 (3) 0.5 86


2 Pd(OAc)2 (3) 1.5 90


3 Pd(OAc)2 (3) 1 96


4 Pd(OAc)2 (3) 1.5 95


5 Pd(OAc)2 (3) 1 96


6 Pd(OAc)2 (3) 1.5 95


7 Pd(OAc)2 (3) 1 96


8 Pd(OAc)2 (3) 1.5 95


[a] Reaction conditions: 1 equivalent of vinyl bromide 5, 1 equivalents of amine 2, 1.4 equivalents of NaOtBu,
3 mol% Pd, 6 mol% BINAP, 4 mL of toluene per mmol of 5, 80 8C. [b] Reaction times have not been opti-
mized. [c] Reaction carried out at 65 8C.
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No improvement in conver-
sion was achieved by increasing
the catalyst loading. Moreover,
addition of more Pd species or
more Pd and ligand once the
50% conversion had been
reached did not increase the
conversion of the reaction.
These observations point to an
interruption of the catalytic
cycle by product inhibition.[23]


Alkenyl amination versus aryl
amination : The cross-coupling
reaction of amines with alkenyl
bromides discussed herein is an
extension of the well-known
Buchwald±Hartwig amination
of aryl halides. The convention-
al mechanism accepted for this
reaction catalyzed by the Pd/
BINAP system is shown in
Scheme 6. The catalytic cycle
involves three main steps:[9b,24]


1) the oxidative addition of the
aryl halide to generate aryl pal-
ladium bromide complex I ;[25]


2) coordination of the amine to
give rise to amido complex II


after abstraction of a proton by the base present;[26] 3) re-
ductive elimination to release the aryl amine and regenerate
the Pd(0) catalyst.[27]


The same catalytic cycle can be proposed for the amina-
tion of alkenyl bromides discussed in this paper, simply by
replacing the aryl with a vinyl bromide. As both types of
bromides share a common mechanism, we found it interest-
ing to compare their relative reactivities. From a synthetic
point of view, it is interesting to study the relative rates, in
order to carry out chemoselective aminations of alkenyl bro-
mides in the presence of aryl bromides, or vice versa. In
fact, we had already observed very high chemoselectivity in


Table 6. Optimization of the catalyst for the synthesis of imine 9a by the cross-coupling reaction of 1-bromo-
styrene (1a) with p-anisidine (8a) in toluene with NaOtBu as the base.[a]


Entry Pd source (mol%) Ligand t [min] T [8C] Conversion[b] [%]


1 [Pd2(dba)3] (1) BINAP 15 90 100 (98)
2 Pd(OAc)2 (1) BINAP 15 90 100 (98)
3 [Pd2(dba)3] (1) 4 15 90 100 (98)
4 [Pd2(dba)3] (1) DTPB[c] 15 90 70
5 [Pd2(dba)3] (1) DTPB 24 h 90 85
6 [Pd2(dba)3] (1) P(o-Tol)3 15 90 26
7 [Pd2(dba)3] (1) P(o-Tol)3 24 h 90 63
8 [Pd2(dba)3] (1) DPPF 15 90 100 (97)
9 [Pd2(dba)3] (1) XANTPHOS[d] 15 90 94
10 [Pd2(dba)3] (1) PtBu3


[e] 180 90 60
11 [Pd2(dba)3] (0.5) BINAP 15 90 100 (95)
12 [Pd2(dba)3] (0.1) BINAP 45 90 100 (94)
13 [Pd2(dba)3] (1) BINAP 150 45 100 (95)
14 [Pd2(dba)3] (1) BINAP 180 20[f] 15
15 [Pd2(dba)3] (1) none 180 90 ±
16 none none 180 90 ±


[a] Reaction conditions: 1 equivalent of 1a, 1.1 equivalents of 8a, 1.4 equivalents of NaOtBu, 1 mol% Pd
(unless stated otherwise), 3 mol% ligand, 4 mL of toluene per mmol of 1a. [b] Determined by GC and
1H NMR spectroscopy of the crude reaction mixture. Yields are indicated in parentheses. [c] DTPB=2-Di-tert-
butylphosphinobiphenyl. [d] XANTPHOS=9,9-Dimethyl-4,5-bis-(diphenylphosphino)xanthene. [e] 1 mol% of
ligand was used.


Table 7. Optimization of the reaction conditions for the reaction of 1a
and 8a with 1 mol% [Pd2(dba)3] and 3 mol% BINAP at 90 8C.


Entry Base Solvent t [h] Conversion[a] [%]


1 NaOtBu toluene 15 min 100
2 NaOtBu dioxane 15 min 75
3 NaOtBu DMF 15 min 8
4 NaOtBu DME 15 min 6
5 NaOtBu toluene/H2O (1:1) 3 ±
6 Cs2CO3 toluene 1 ±
7 Cs2CO3 toluene 24 25
8 K3PO4 toluene 1 ±
9 Na2CO3 toluene 1 ±
10 KOH toluene 1 ±
11 NaOH toluene 1 ±
12 NaOH toluene 24 20
13 Cs2CO3 DME 1 ±
14 Cs2CO3 DME 24 40
15 K3PO4 DME 1 11
16 K3PO4 DME 24 47
17 Cs2CO3 dioxane 1 7
18 Cs2CO3 dioxane 24 57
19 K3PO4 dioxane 1 4
20 K3PO4 dioxane 24 27


[a] Determined by GC and 1H NMR spectroscopy of the crude reaction
mixture.


Scheme 5. Amination of 2-bromostyrene (1b) with primary amines.
Scheme 6. Proposed mechanism for palladium-catalyzed aryl and vinyl
aminations.
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the coupling of primary amines (Table 8, entries 7,8, 9, and
11). For these reasons, we decided to undertake a more de-
tailed study to confirm the preference of vinyl versus aryl
amination. With this purpose, competition experiments were
conducted in which equimolar amounts of 4-bromobiphenyl
(12) and 1-bromostyrene (1a) were reacted with 1 equiv of
morpholine (2a), N-methylaniline (2b), and 4-methoxyben-
zylamine (8n), respectively (Scheme 7). The reactions were
monitored by GC and by NMR spectroscopic analysis of the
crude reaction mixture. As represented in Scheme 7, in the
three examples examined, the compound coming from the


vinyl amination was the only product formed and in no case
were the aromatic amines 13 detected. It is apparent from
these results that in the absence of additional steric effects
the vinyl amination occurs preferentially to the aryl amina-
tion. The oxidative addition probably occurs faster for the
vinyl bromide 1a and, as an irreversible step, drives the re-
action exclusively to the vinyl amination. This is an interest-
ing observation that may allow sequential catalytic events in
cascade or step-by-step synthetic processes to be programed.
We are currently investigating different applications of this
selective reactivity.


Table 8. Synthesis of imines 9 by coupling of primary amines 8 with 1-bromostyrene (1a).[a]


Entry Amine t [min] Product Yield [%] Entry Amine t [min] Product Yield [%]


1 15 98 9 45 98


2 15 98 10 90 90


3 20 h 86 11[c] 6h 50[d]


4[b] 4 h 86 12 Bu-NH2 3h 88


8 l


5 15 98 13 15 98


6 15 98 14 15 96


7 15 98 15 15 94


8 25 98


[a] Reaction conditions: 1 equivalent of 1a, 1.1 equivalents of amine 8, 1.4 equivalents of NaOtBu, 1 mol% of [Pd2(dba)3], 3 mol% of BINAP, 4 mL of
toluene per mmol of 1a, 90 8C. [b] Reaction carried out with 2 mol% of [Pd2(dba)3] and 6 mol% of BINAP in dioxane. [c] Reaction carried out with
2 mol% of [Pd2(dba)3] and 6 mol% of BINAP. [d] Determined by GC.
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Conclusion


In summary, we have demonstrated that the palladium-cata-
lyzed amination of alkenyl bromides constitutes a very effi-
cient method for the preparation of imines and enamines
and that it expands the applicability of the palladium-cata-
lyzed C�N bond forming cross-coupling reaction. The cata-
lytic system Pd/BINAP/NaOtBu has been found to be a
very suitable combination for the reaction with both primary


and secondary amines. The re-
action with secondary amines
provides a new method for the
preparation of enamines, and in
particular, the present method-
ology constitutes the first gener-
al method for the preparation
of terminal isomerizable enam-
ines. Moreover, the reaction
with primary amines gives rise
to imines in very reduced times
and with lower catalyst loadings
than other methods. Among the
main limitations of the reaction
at this point of development
are the sensitivity to steric hin-
drance in both coupling part-
ners in the synthesis of enam-
ines and the low conversions
achieved in the reactions of pri-
mary amines with 2-bromosty-
renes. Nevertheless, taking into
account the wide scope of the
reaction and the synthetic ver-
satility of enamines and imines,
we believe this reaction will
become a very useful transfor-
mation in synthetic organic
chemistry.


Experimental Section


General : All reactions were carried
out under a nitrogen atmosphere. Tol-
uene and hexane solvents were contin-
uously refluxed and freshly distilled
over sodium/benzophenone under ni-
trogen. NMR spectra were recorded at
300 or 200 MHz for 1H and 75 or
50.3 MHz for 13C spectra, with tetra-
methylsilane as the internal standard
for 1H and the residual solvent signals
as the standard for 13C spectra. Chemi-
cal shifts are given in ppm. Mass spec-
tra were obtained by EI (70 eV).
Pd(OAc)2 and Pd2(dba)3 were pur-
chased from Strem Chemical Co. and
used without further purification. All
phosphine ligands used are commer-
cially available from Strem or Aldrich
and were used without further purifi-
cation. NaOtBu was purchased from
Aldrich, stored in a flask purged with


nitrogen, and weighed in air. (2-Bromobut-3-enyl)benzene (5a),[28] (2-
bromoallyloxymethyl)benzene (5b),[29] (2-bromoallyl)methylphenylamine
(5c),[30] 2-bromodec-1-ene (5d),[31] and 1-(2-bromoallyloxy)-but-2-yne (5
e)[29] were all prepared according to literature procedures. All other
chemicals were used as received from commercial suppliers.


General procedure for palladium-catalyzed amination of vinyl bromides
with [Pd2(dba)3] (Method A): A Schlenk flask under a nitrogen atmos-
phere was charged with (� )-BINAP (0.03 mmol, 3 mol%), tris(dibenzyli-
deneacetone)dipalladium(0) (0.005 mmol, 1 mol%), sodium tert-butoxide
(1.4 mmol), and toluene (4 mL). After 1 min the vinyl bromide (1 mmol)


Table 9. Synthesis of imines 10 by the cross-coupling reaction of vinyl bromides 5 with primary amines 8.[a]


Entry Bromide Amine t [min] Imine Yield [%]


1 15 90


2 15 94


3 15 95


4 20 92


5 25 94


6 45 93


[a] Reaction conditions: 1 equivalent of 5, 1 equivalent of amine, 1.4 equivalents of NaOtBu, 1 mol% of
[Pd2(dba)3], 3 mol% of BINAP, 4 mL of toluene per mmol of 5, 90 8C.


Scheme 7. Competition experiments of amination of alkenyl versus aryl bromides. [a] Obtained as the imine
tautomer
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and the amine (1.1 mmol) were added under nitrogen and the flask was
immersed in an oil bath and heated to 90 8C with stirring until the start-
ing vinyl bromide had been completely consumed as judged by GC anal-
ysis. The mixture was allowed to cool to room temperature, taken up in
hexanes (15 mL), and filtered through celite. The solvents were evaporat-
ed under reduced pressure. The residue was redissolved in hexanes
(15 mL), filtered again through celite, concentrated under reduced pres-
sure, and dried under high vacuum to remove the excess of amine. This
afforded a residue which consisted of the essentially pure enamine. The
enamines can be purified by Kugelrohr distillation under high vacuum
(dependent on the boiling point).


General procedure for palladium-catalyzed amination of vinyl bromides
with Pd(OAc)2 (Method B): A Schlenk flask was charged with (� )-
BINAP (0.06 mmol, 6 mol%) under a nitrogen atmosphere and toluene
(2 mL) was added. The mixture was heated to 80 8C with stirring until
the BINAP was dissolved (�1 min). The solution was cooled to room
temperature and Pd(OAc)2 (0.03 mmol, 3 mol%) was added. Toluene
(1 mL) was added to rinse the Pd from the sides of the flask. The mixture
was stirred at room temperature for approximately 2 min, and the vinyl
bromide (1 mmol) and the amine (1.1 mmol) were added. After 2 min,
the sodium tert-butoxide (1.4 mmol) was added under nitrogen and addi-
tional toluene (1 mL) was added. The flask was immersed in an oil bath
and heated to 80 8C with stirring until the starting vinyl bromide had
been completely consumed as judged by GC analysis. The mixture was
allowed to cool to room temperature, taken up in hexanes (15 mL), and
filtered through celite. The solvents were evaporated under reduced pres-
sure. The residue was redissolved in hexanes (15 mL), filtered again
through celite, concentrated under reduced pressure, and dried under
high vacuum to remove the excess of amine. This afforded a residue
which consisted of the essentially pure enamine. The enamines can be pu-
rified by Kugelrohr distillation under high vacuum (dependent on the
boiling point).


4-(1-Phenylvinyl)morpholine (3a): The general procedure A with 1 mol
% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of
90 8C gave 3a in 96% yield as a light yellow oil after distillation in a Ku-
gelrohr apparatus (150 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=
2.85±2.82 (t, 3J=4.8 Hz, 4H), 3.78±3.75 (t, 3J=4.8 Hz, 4H), 4.21 (s, 1H),
4.35 (s, 1H), 7.34±7.30 (m, 3H), 7.48±7.46 (m, 2H) ppm; 13C NMR
(CDCl3, 75 MHz): d=49.6 (2CH2), 66.7 (2CH2), 90.9 (CH2), 127.6 (2
CH), 127.9 (CH), 128.0 (2CH), 138.9 (C), 156.9 (C) ppm; HRMS: m/z
calcd for C12H15NO: 189.11481; found: 189.11456.


Benzylmethyl(1-phenylvinyl)amine (3b): The general procedure A with
1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tempera-
ture of 90 8C gave 3b in 95% yield as a yellow oil after distillation in a
Kugelrohr apparatus (180 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz):
d=2.67 (s, 3H), 4.08 (s, 2H), 4.19 (s, 1H), 4.31 (s, 1H), 7.43±7.32 (m, 8
H), 7.65±7.62 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=38.4 (CH3),
57.3 (CH2), 90.6 (CH2), 127.4 (CH), 128.4 (2CH), 128.5 (2CH), 128.6 (2
CH), 128.7 (3CH), 139.2 (C), 140.5 (C), 157.2 (C) ppm; HRMS: m/z
calcd for C16H17N: 223.13555; found: 223.13586.


Methylphenyl(1-phenylvinyl)amine (3c): The general procedure A with
1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tempera-
ture of 90 8C gave 3c in 97% yield as a yellow oil after distillation in a
Kugelrohr apparatus (160 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz):
d=3.36 (s, 3H), 4.94 (s, 1H), 5.13 (s, 1H), 6.97±6.92 (m, 1H), 7.08±7.04
(m, 1H), 7.37±7.25 (m, 6H), 7.61±7.58 (m, 2H) ppm; 13C NMR (CDCl3,
75 MHz): d=40.8 (CH3), 100.5 (CH2), 120.1 (2CH), 120.2 (CH), 127.1 (2
CH), 127.7 (CH), 128.0 (2CH), 128.5 (2CH), 139.0 (C), 148.7 (C), 153.4
(C) ppm; HRMS: m/z calcd for C15H15N: 209.11990; found: 209.12035.


Diallyl(1-phenylvinyl)amine (3d): The general procedure A with 1 mol%
of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of 90
8C gave 3d in 75% yield as a yellow oil after distillation in a Kugelrohr
apparatus (170 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=3.62±
3.60 (d, 3J=5.9 Hz, 4H), 4.16 (s, 1H), 4.23 (s, 1H), 5.22±5.16 (m, 4H),
5.89±5.78 (m, 2H), 7.37±7.34 (m, 3H), 7.51±7.46 (m, 2H) ppm; 13C NMR
(CDCl3, 75 MHz): d=51.9 (2CH2), 90.6 (CH2), 116.8 (2CH2), 127.8 (2
CH), 127.9 (2CH), 134.4 (CH), 140.2 (C), 154.8 (C) ppm; HRMS: m/z
calcd for C14H17N: 199.13555; found: 199.13567.


Ethylphenyl(1-phenylvinyl)amine (3e): The general procedure A with
1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tempera-


ture of 100 8C gave 3e in 50% yield as a yellow oil after distillation in a
Kugelrohr apparatus (190 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz):
d=1.30±1.25 (t, 3J=7.1 Hz, 3H), 3.75±3.69 (q, 3J=7.1 Hz, 2H), 4.91 (s, 1
H), 5.06 (s, 1H), 7.14±6.80 (m, 3H), 7.49±7.20 (m, 7H) ppm; 13C NMR
(CDCl3, 75 MHz): d=12.6 (CH3), 46.2 (CH2), 102.3 (CH2), 119.5 (2CH),
127.2 (2CH), 127.8 (CH), 128.1 (2CH), 128.3 (CH), 128.6 (2CH), 139.4
(C), 147.6 (C), 151.8 (C) ppm; HRMS: m/z calcd for C16H17N: 233.13555;
found: 233.13580.


Dibenzyl(1-phenylvinyl)amine (3 f): The general procedure A with 1 mol
% of Pd(OAc)2, 3 mol% of (� )-BINAP, and a reaction temperature of
100 8C gave 3 f in 35% yield as a yellow oil after distillation in a Kugel-
rohr apparatus (240 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=


4.11 (s, 4H), 4.16 (s, 1H), 4.39 (s, 1H), 7.40±7.32 (m, 15H) ppm;
13C NMR (CDCl3, 75 MHz): d=53.22 (2CH2), 93.3 (CH2), 126.8 (2CH),
128.0 (3CH), 128.1 (3CH), 128.2 (3CH), 128.3 (2CH), 128.5 (2CH),
138.2 (2C), 139.5 (C), 154.8 (C) ppm; HRMS: m/z calcd for C22H21N:
299.16685; found: 299.16666.


1-(1-Phenylvinyl)piperidine 4-carboxylic acid ethyl ester (3g): The gener-
al procedure B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a
reaction temperature of 80 8C gave 3g in 90% yield as a yellow syrup
after distillation in a Kugelrohr apparatus (190 8C) at 10�2 Torr. 1H NMR
(CDCl3, 300 MHz): d=1.30±1.26 (t, 3J=7.2 Hz, 3H), 1.95±1.83 (m, 4H),
2.53±2.41 (m, 3H), 3.30±3.26 (m, 2H), 4.19±4.15 (m, 3H), 4.31 (s, 1H),
7.34±7.30 (m, 3H), 7.48±7.45 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz):
d=14.1 (CH3), 28.2 (2CH2), 41.2 (CH), 48.9 (2CH2), 60.3 (CH2), 90.8
(CH2), 127.5 (2CH), 127.9 (CH), 128.1 (2CH), 139.8 (C), 157.3 (C), 175.0
(C) ppm; HRMS: m/z calcd for C16H21NO2: 259.15668; found: 259.15642.


8-(1-Phenylvinyl)-1,4-dioxa-8-aza-spiro[4,5]decane (3h): The general pro-
cedure B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reac-
tion temperature of 80 8C gave 3h in 90% yield as a yellow syrup after
distillation in a Kugelrohr apparatus (200 8C) at 10�2 Torr. 1H NMR
(CDCl3, 200 MHz): d=1.82±1.76 (t, 3J=5.9, 4H), 3.02±2.96 (t, 3J=5.9, 4
H), 3.98 (s, 4H), 4.22 (s, 1H), 4.32 (s, 1H), 7.35±7.31 (m, 3H), 7.57±7.47
(m, 2H) ppm; 13C NMR (CDCl3, 50.3 MHz): d=34.6 (2CH2), 47.2 (2
CH2), 64.1 (2CH2), 91.1 (CH2), 107.2 (C), 127.4 (2CH), 127.8 (CH), 128.0
(2CH), 139.8 (C), 156.6 (C) ppm; HRMS: m/z calcd for C15H19NO2:
245.14103; found: 245.14142.


4-Styrylmorpholine (4a): The general procedure A with 1 mol% of
[Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of 90 8C
gave 4a in 95% yield as a yellow solid after distillation in a Kugelrohr
apparatus (160 8C) at 10�2 Torr. M.p.: 78±80 8C; 1H NMR (CDCl3,
200 MHz): d=3.07±3.03 (t, 3J=4.8 Hz, 4H), 3.82±3.77 (t, 3J=4.8 Hz, 4
H), 5.52±5.45 (d, 3J=14.1 Hz, 1H), 6.69±6.62 (d, 3J=14.1 Hz, 1H), 7.29±
7.26 (m, 5H) ppm; 13C NMR (CDCl3, 50.3 MHz): d=48.7 (2CH2), 66.2
(2CH2), 101.1 (CH), 124.0 (2CH), 124.2 (CH), 128.3 (2CH), 138.5 (C),
139.4 (CH) ppm; HRMS: m/z calcd for C12H15NO: 189.11481; found:
189.11468.


Methylphenylstyrylamine (4b): The general procedure A with 1 mol% of
[Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of 90 8C
gave 4b in 96% yield as a yellow oil after distillation in a Kugelrohr ap-
paratus (180 8C) at 10�2 Torr . 1H NMR (CDCl3, 300 MHz): d=3.39 (s, 3
H), 5.86±5.81 (d, 3J=15 Hz, 1H), 7.27±7.12 (m, 4H), 7.56±7.41 (m, 7
H) ppm; 13C NMR (CDCl3, 75 MHz): d=35.2 (CH3), 103.4 (CH), 117.6
(2CH), 121.2 (CH), 124.1 (2CH), 124.2 (CH), 128.4 (2CH), 129.1 (2CH),
133.8 (CH), 138.7 (C), 147.4 (C) ppm; HRMS: m/z calcd for C15H15N:
209.11990; found: 209.12039.


Ethylphenylstyrylamine (4c): The general procedure A with 1 mol% of
[Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of 100
8C gave 4c in 80% yield as a yellow oil after distillation in a Kugelrohr
apparatus (200 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=1.55±
1.49 (t, 3J=7.2 Hz, 3H), 4.06±3.95 (q, 3J=7.2 Hz, 2H), 6.01±5.93 (d, 3J=
14.2 Hz, 1H), 7.55±7.27 (m, 10H) ppm; 13C NMR (CDCl3, 75 MHz): d=
11.6 (CH3), 42.5 (CH2), 103.2 (CH), 117.5 (2CH), 121.1 (CH), 124.1
(CH), 124.2 (CH), 128.4 (3CH), 129.2 (2CH), 131.9 (CH), 138.8 (C),
146.2 (C) ppm; HRMS: m/z calcd for C16H17N: 233.13555; found:
233.13775.


Dibenzylstyrylamine (4d): The general procedure A with 1 mol% of
[Pd2(dba)3], 3 mol% of P(o-tol)3, and a reaction temperature of 100 8C
gave 4d in 90% yield as a yellow solid after distillation in a Kugelrohr
apparatus (210 8C) at 10�2 Torr. M.p.: 120±122 8C; 1H NMR (CDCl3,
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300 MHz): d=4.37 (s, 4H), 5.43±5.39 (d, 3J=13.9 Hz, 1H), 7.18±7.13 (d,
3J=13.9 Hz, 1H), 7.42±7.26 (m, 15H) ppm; 13C NMR (CDCl3, 75 MHz):
d=54.6 (2CH2), 98.2 (CH), 123.3 (CH), 123.4 (2CH), 127.1 (2CH), 127.4
(3CH), 128.4 (4CH), 128.5 (3CH), 137.8 (2C), 138.9 (CH), 139.4
(C) ppm; HRMS: m/z calcd for C22H21N: 299.16685; found: 299.16733.


Benzyl(3-bromobenzyl)styrylamine (4e): The general procedure A with
1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tempera-
ture of 100 8C gave 4e in 70% yield as a yellow solid. 1H NMR (CDCl3,
200 MHz): d=4.48 (s, 4H), 5.39±5.34 (d, 3J=13.9 Hz, 1H), 7.5±7.2 (m, 15
H) ppm; 13C NMR (CDCl3, 50.3 MHz): d=54.7 (CH2), 55.5 (CH2), 98.6
(CH), 122.9 (C), 123.4 (CH), 123.5 (CH), 127.2 (2CH), 127.3 (CH), 127.4
(CH), 128.1 (CH), 128.2 (CH), 128.3 (CH), 128.5 (2CH), 128.6 (2CH),
132.7 (CH), 136.4 (C), 137.7 (C), 138.3 (CH), 139.2 (C) ppm.


Benzyl(1-phenylethyl)styrylamine (4 f): The general procedure A with
1 mol% of Pd(OAc)2, 3 mol% of (� )-BINAP, and a reaction tempera-
ture of 100 8C gave 4f in 64% yield as a yellow solid after distillation in a
Kugelrohr apparatus (220 8C) at 10�2 Torr. M.p.: 122±125 8C; 1H NMR
(CDCl3, 200 MHz): d=1.86±1.83 (d, 3J=6.9 Hz, 3H), 4.59±4.35 (q, 3J=
14.2 Hz, 2H), 4.86±4.76 (q, 3J=6.9 Hz, 1H), 5.59±5.53 (d, 3J=13.8 Hz, 1
H), 7.58±7.22 (m, 16H) ppm; 13C NMR (CDCl3, 50.3 MHz): d=19.0
(CH3), 51.1 (CH2), 60.6 (CH), 98.8 (CH), 123.1 (CH), 123.4 (2CH), 126.6
(2CH), 126.7 (3CH), 126.8 (2CH), 127.1 (CH), 128.3 (4CH), 136.1 (CH),
138.4 (C), 139.7 (C), 142.4 (C) ppm; HRMS: m/z calcd for C23H23N:
313.18250; found: 313.18301.


Diallylstyrylamine (4g): The general procedure B with 3 mol% of
Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction temperature of 80 8C
gave 4g in 97% yield as a yellow oil after distillation in a Kugelrohr ap-
paratus (160 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=3.77±3.75
(d, 3J=5.7 Hz, 4H), 5.33±5.22 (m, 5H), 5.94±5.82 (m, 2H), 6.88±6.83 (d,
3J=14.2 Hz, 1H), 7.05±7.00 (m, 1H), 7.25±7.22 (m, 4H) ppm; 13C NMR
(CDCl3, 75 MHz): d=53.5 (2CH2), 97.8 (CH), 116.8 (2CH2), 123.1 (CH),
123.3 (2CH), 128.4 (2CH), 133.8 (CH), 137.8 (2CH), 139.6 (C) ppm;
HRMS: m/z calcd for C14H17N: 199.13555; found: 199.13574.


1-Styrylpiperidine 4-carboxylic acid ethyl ester (4h): The general proce-
dure B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reac-
tion temperature of 80 8C gave 4h in 95% yield as a yellow solid after
distillation in a Kugelrohr apparatus (190 8C) at 10�2 Torr. M.p.: 62±65
8C; 1H NMR (CDCl3, 300 MHz): d=1.30±1.25 (t, 3J=7.1 Hz, 3H), 1.84±
1.71 (m, 3J=4.2, 11.1 Hz, 2H), 1.99±1.93 (m, 2H), 2.46±2.36 (tt, 3J=3.7,
11.1 Hz, 1H), 2.79±2.70 (td, 3J=12.8, 11.6, 3.1 Hz, 2H), 3.44±3.38 (dt,
3J=3.7, 12.8 Hz, 2H), 4.20±4.13 (q, 3J=7.1 Hz, 2H), 5.42±5.38 (d, 3J=
14.2 Hz, 1H), 6.67±6.63 (d, 3J=14.2 Hz, 1H), 7.05±7.00 (m, 1H), 7.21±
7.18 (m, 4H) ppm; 13C NMR (CDCl3, 75 MHz): d=14.1 (CH3), 27.4 (2
CH2), 40.9 (CH), 48.1 (2CH2), 60.3 (CH2), 100.3 (CH), 123.8 (2CH),
128.3 (2CH), 138.9 (C), 139.4 (CH), 174.5 (C) ppm; HRMS: m/z calcd
for C16H21NO2: 259.15668; found: 259.15677.


8-Styryl-1,4-dioxa-8-aza-spiro[4,5]decane (4 i): The general procedure B
with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction tem-
perature of 80 8C gave 4 i in 97% yield as a yellow solid after distillation
in a Kugelrohr apparatus (190 8C) at 10�2 Torr. M.p.: 65±68 8C; 1H NMR
(CDCl3, 300 MHz): d=3.01±2.97 (t, 3J=5.8 Hz, 4H), 4.42±4.38 (t, 3J=
5.8 Hz, 4H), 5.18 (s, 4H), 6.64±6.59 (d, 3J=14.1 Hz, 1H), 7.90±7.86 (d,
3J=14.1 Hz, 1H), 8.27±8.24 (m, 1H), 8.44±8.42 (m, 4H) ppm; 13C NMR
(CDCl3, 75 MHz): d=33.9 (2CH2), 46.6 (2CH2), 64.1 (2CH2), 100.4
(CH), 106.9 (C), 123.7 (2CH), 128.3 (2CH), 128.4 (CH), 138.8 (C), 139.0
(C) ppm; HRMS: m/z calcd for C15H19NO2: 245.14103; found: 245.14170.


Methyl(1-methylene-3-phenylpropyl)phenylamine (6a): The general pro-
cedure B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reac-
tion temperature of 80 8C gave 6b in 90% yield as an orange oil.
1H NMR (CDCl3, 300 MHz): d=2.76±2.71 (m, 2H), 3.00±2.90 (m, 2H),
3.34 (s, 3H), 4.54 (s, 1H), 4.61 (s,1H), 7.55±7.30 (m, 10H) ppm; 13C NMR
(CDCl3, 75 MHz): d=34.7 (CH2), 36.1 (CH2), 41.4 (C), 92.4 (CH2), 122.1
(CH), 123.6 (CH), 125.4(CH), 127.9 (CH), 128.1 (2CH), 128.1 (2CH),
128.7 (2CH), 141.6 (C), 148.4 (C), 152.4 (C) ppm.


4-(1-Methylene-3-phenylpropyl)morpholine (6b): The general procedure
B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction
temperature of 65 8C gave 6a in 90% yield as an orange oil . 1H NMR
(CDCl3, 300 MHz): d=2.53±2.59 (m, 2H), 2.86±2.81 (m, 2H), 2.93±2.90
(t, 3J=4.8 Hz, 4H), 3.85±3.82 (t, 3J=4.8 Hz, 4H), 4.01 (s, 1H), 4.09 (s, 1
H), 7.30±7.40 (m, 5H) ppm; 13C NMR (CDCl3, 75 MHz): d=34.6 (CH2),


35.1 (CH2), 47.9 (2CH2), 66.5 (2CH2), 86.9 (CH2), 125.7 (CH), 128.0
(CH), 128.1 (CH), 128.2 (CH), 128.4 (CH), 141.5 (C), 154.4 (C) ppm.


4-(1-Benzyloxymethylvinyl)morpholine (6c): The general procedure B
with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction tem-
perature of 80 8C gave 6c in 96% yield as an orange oil. 1H NMR
(CDCl3, 300 MHz): d=3.00±2.97 (t, 3J=4.8 Hz, 4H), 3.78±3.75 (t, 3J=
4.8 Hz, 4H), 4.00 (s, 1H), 4.09 (s, 2H), 4.11 (s, 1H), 4.54 (s, 2H), 7.40±
7.37 (m, 5H) ppm; 13C NMR (CDCl3, 75 MHz): d=47.4 (2CH2), 66.4 (2
CH2), 70.3 (CH2), 71.2 (CH2), 88.4 (CH2), 127.4 (2CH), 127.8 (2CH),
128.1 (CH), 137.9 (C), 150.4 (C) ppm; HRMS: m/z calcd for C14H19NO2:
233.14103; found: 233.13994.


(1-Benzyloxymethylvinyl)methylphenylamine (6d): The general proce-
dure B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reac-
tion temperature of 80 8C gave 6d in 95% yield as an orange oil.
1H NMR (CDCl3, 200 MHz): d=3.23 (s, 3H), 4.11 (s, 2H), 4.50 (s, 1H),
4.55 (s, 2H), 4.66 (s, 1H), 7.24±7.19 (m, 2H), 7.44±7.36 (m, 8H) ppm;
13C NMR (CDCl3, 50.3 MHz): d=40.9 (CH3), 69.9 (CH2), 71.7 (CH2),
93.4 (CH2), 112.1 (CH), 123.1 (CH), 123.6 (2CH), 127.5 (2CH), 128.1 (2
CH), 128.8 (2CH), 138.1 (C), 148.1 (C), 149.4 (C) ppm; HRMS: m/z
calcd for C17H19NO: 253.14734; found: 253.14611.


Methyl(2-morpholin-4-ylallyl)phenylamine (6e): The general procedure
B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction
temperature of 80 8C gave 6e in 96% yield as an orange oil. 1H NMR
(CDCl3, 300 MHz): d=2.97±2.94 (t, 3J=4.8 Hz, 4H), 3.00 (s, 3H), 3.78±
3.75 (t, 3J=4.8 Hz, 4H), 3.98 (s, 2H), 4.05 (s, 1H), 4.14 (s, 1H), 6.80±6.78
(m, 2H), 7.30±7.26 (m, 3H) ppm; 13C NMR (CDCl3, 75 MHz): d=37.4
(CH3), 48.1 (2CH2), 54.6 (CH2), 66.6 (2CH2), 87.4 (CH2), 112.2 (2CH),
116.4 (CH), 128.8 (2CH), 149.4 (C), 150.3 (C) ppm; HRMS: m/z calcd
for C14H20N2O: 232.15701; found: 232.15743.


N,N’-dimethyl-1-methylene-N,N’-diphenyl-1,2-ethanediamine (6 f): The
general procedure B with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP,
and a reaction temperature of 80 8C gave 6f in 95% yield as an orange
oil. 1H NMR (CDCl3, 300 MHz): d=3.01 (s, 3H), 3.21 (s, 3H), 4.00 (s, 2
H), 4.56 (s, 1H), 4.61 (s, 1H), 6.86±6.77 (m, 2H), 7.20±7.14 (m, 2H),
7.46±7.32 (m, 5H) ppm; 13C NMR (CDCl3, 75 MHz): d=37.9 (CH3), 41.5
(CH3), 55.2 (CH2), 93.5 (CH2), 111.8 (2CH), 115.9 (CH), 122.9 (CH),
123.0 (CH), 128.7 (2CH), 128.8 (CH), 128.9 (2CH), 148.2 (C), 148.9 (C),
149.2 (C) ppm; HRMS: m/z calcd for C17H20N2: 252.16210; found:
252.16314.


4-(1-methylenenonyl)morpholine (6g): The general procedure B with
3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction tempera-
ture of 80 8C gave 6g in 96% yield as an orange oil. 1H NMR (CDCl3,
300 MHz): d=0.89±0.85 (t, 3J=6.7 Hz, 3H), 1.29±1.21 (m, 12H), 2.13±
2.08 (t, 3J=7.6 Hz, 2H), 2.85±2.82 (t, 3J=4.8 Hz, 4H), 3.73±3.69 (t, 3J=
4.8 Hz, 4H), 3.79 (s, 1H), 3.89 (s, 1H) ppm; 13C NMR (CDCl3, 75 MHz):
d=13.9 (CH3), 22.5 (CH2), 24.3 (CH2), 29.1 (CH2), 29.2 (CH2), 29.3
(CH2), 31.7 (CH2), 33.4 (CH2), 48.1 (2CH2), 66.7 (2CH2), 85.9 (CH2),
155.4 (C) ppm; HRMS: m/z calcd for C14H27NO: 210.18793; found:
210.18741.


Methyl(1-methylenenonyl)phenylamine (6h): The general procedure B
with 3 mol% of Pd(OAc)2, 6 mol% of (� )-BINAP, and a reaction tem-
perature of 80 8C gave 6h in 95% yield as an orange oil. 1H NMR
(CDCl3, 300 MHz): d=0.97±0.91 (t, 3J=6.7 Hz, 3H), 1.43±1.26 (m, 12H),
2.19±2.14 (t, 3J=7.5 Hz, 2H), 3.11 (s, 3H), 4.28 (s, 1H), 4.35 (s, 1H),
7.08±7.05 (m, 3H), 7.37±7.29 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz):
d=14.0 (CH3), 22.6 (CH2), 28.3 (CH2), 29.0 (CH2), 29.1 (CH2), 29.3
(CH2), 31.5 (CH2), 34.1 (CH2), 41.4 (CH2), 92.4 (CH2), 122.4 (CH), 123.3
(2CH), 128.7 (2CH), 148.8 (C), 153.8 (C) ppm; HRMS: m/z calcd for
C17H27N: 245.21380; found: 245.21334.


General procedure for palladium-catalyzed amination of vinyl bromides
with primary amines by using [Pd2(dba)3]: A Schlenk flask was charged
with (� )-BINAP (0.03 mmol, 3 mol%), tris(dibenzylideneacetone)dipal-
ladium(0) (0.005 mmol, 1 mol%), sodium tert-butoxide (1.4 mmol), and
toluene (2 mL) under a nitrogen atmosphere. After 1 min, the vinyl bro-
mide (1 mmol) and the amine (1.1 mmol) were added under nitrogen and
the flask was immersed in an oil bath and heated to 90 8C with stirring
until the starting vinyl bromide had been completely consumed as judged
by GC analysis. The mixture was allowed to cool to room temperature,
taken up in hexanes (15 mL), and filtered through celite. The solvents
were evaporated under reduced pressure. The residue was redissolved in
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hexanes (15 mL), filtered again through celite, concentrated under re-
duced pressure, and dried under high vacuum to remove the excess of
amine. This afforded a residue which consisted of the essentially pure
imine. The imines can be purified by Kugelrohr distillation under high
vacuum (dependent on the boiling point).


(4-Methoxyphenyl)(1-phenylethylidene)amine (9a): The general proce-
dure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction
temperature of 90 8C gave 9a in 98% yield as a light yellow oil after dis-
tillation in a Kugelrohr apparatus (180 8C) at 10�2 Torr. 1H NMR (CDCl3,
300 MHz): d=2.27 (s, 3H), 3.62 (s, 3H), 6.80±6.78 (d, 3J=8.6 Hz, 2H),
6.95±6.92 (d, 3J=8.6 Hz, 2H), 7.47±7.43 (m, 3H), 8.01±7.98 (m, 2H) ppm;
13C NMR (CDCl3, 75 MHz): d=17.1 (CH3), 55.2 (CH3), 114.1 (2CH),
120.6 (2CH), 126.9 (2CH), 128.2 (2CH), 130.1 (CH), 139.6 (C), 144.6
(C), 155.8 (C), 165.5 (C) ppm; HRMS: m/z calcd for C15H15NO:
225.11481; found: 225.11505.


(1-Phenylethylidene)p-tolylamine (9b): The general procedure with
1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tempera-
ture of 90 8C gave 9b in 98% yield as a light yellow oil after distillation
in a Kugelrohr apparatus (170 8C) at 10�2 Torr. 1H NMR (CDCl3,
200 MHz): d=2.32 (s, 3H), 2.45 (s, 3H), 6.84 (d, 3J=8 Hz, 2H), 7.28±7.24
(d, 3J=8 Hz, 2H), 7.55±7.52 (m, 3H), 8.10±8.05 (m, 2H) ppm; 13C NMR
(CDCl3, 50.3 MHz): d=17.0 (CH3), 20.6 (CH3), 119.2 (2CH), 126.9 (2
CH), 128.1 (2CH), 129.3 (2CH), 130.1 (CH), 132.3 (C), 139.4 (C), 148.9
(C), 165.1 (C) ppm; HRMS: m/z calcd for C15H15N: 209.11990; found:
209.11962.


4-(1-Phenylethylideneamino)benzonitrile (9c): The general procedure
with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9c in 86% yield as a yellow solid. 1H NMR
(CDCl3, 300 MHz): d=0.22 (s, 3H), 6.86±6.83 (d, 3J=8.5 Hz, 2H), 7.48±
7.45 (m, 3H), 7.61±7.58 (d, 3J=8.3 Hz, 2H), 7.98±7.95 (m, 2H) ppm;
13C NMR (CDCl3, 75 MHz): d=17.6 (CH3), 106.2 (C), 119.2 (C), 119.8 (2
CH), 127.1 (2CH), 128.4 (2CH), 131.0 (CH), 133.1 (2CH), 138.2 (C),
155.6 (C), 166.1 (C) ppm; HRMS: m/z calcd for C15H12N2: 220.0995;
found: 220.10012.


(4-Nitrophenyl)(1-phenylethylidene)amine (9d): The general procedure
with 2 mol% of [Pd2(dba)3], 6 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9d in 86% yield as a yellow solid after distillation
in a Kugelrohr apparatus (190 8C) at 10�2 Torr. M.p.: 125±128 8C;
1H NMR (CDCl3, 300 MHz): d=2.26 (s, 3H), 6.89±6.86 (d, 3J=8.5 Hz, 2
H), 7.49±7.46 (m, 3H), 7.98±7.96 (d, 3J=7.4 Hz, 2H), 8.24±8.21 (d, 3J=
8.5 Hz, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=17.7 (CH3), 119.4 (2
CH), 124.9 (2CH), 127.2 (2CH), 128.4 (2CH), 131.1 (CH), 138.1 (C),
143.5 (C), 157.6 (C), 166.1 (C) ppm; HRMS: m/z calcd for C14H12N2O2:
240.08932; found: 240.09015.


(1-Phenylethylidene)-o-tolylamine (9e): The general procedure with
1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tempera-
ture of 90 8C gave 9e in 98% yield as a yellow oil after distillation in a
Kugelrohr apparatus (170 8C) at 10�2 Torr. 1H NMR (CDCl3, 200 MHz):
d=2.16 (s, 3H), 2.23 (s, 3H), 6.72±6.69 (d, 3J=7.9 Hz, 1H), 7.08±7.03 (t,
3J=7.7 Hz, 1H), 7.29±7.21 (m, 2H), 7.52±7.50 (m, 3H), 8.08±8.05 (m, 2
H) ppm; 13C NMR (CDCl3, 50.3 MHz): d=17.3 (CH3), 17.6 (CH3), 118.3
(CH), 123.1 (CH), 126.3 (CH), 127.0 (2CH), 128.3 (2CH), 130.2 (CH),
130.3 (CH), 139.3 (2C), 150.2 (C), 164.8 (C) ppm; HRMS: m/z calcd for
C15H15N: 209.11990; found: 209.11950.


(2-Methoxyphenyl)(1-phenylethylidene)amine (9 f): The general proce-
dure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction
temperature of 90 8C gave 9f in 98% yield as a yellow oil after distilla-
tion in a Kugelrohr apparatus (180 8C) at 10�2 Torr. 1H NMR (CDCl3,
200 MHz): d=2.25 (s, 3H), 3.82 (s, 3H), 6.87±6.82 (m, 1H), 7.1±6.98 (m,
3H), 7.51±7.48 (m, 3H), 8.09±8.0 (m, 2H); 13C NMR (CDCl3, 50.3 MHz):
d=17.6 (CH3), 55.4 (CH3), 111.4 (CH), 120.4 (CH), 120.7 (CH), 123.9
(CH), 127.1 (2CH), 128.1 (2CH), 130.2 (CH), 139.2 (C), 140.4 (C), 148.7
(C), 16.8 (C) ppm; HRMS: m/z calcd for C15H15NO: 225.11481; found:
225.11464.


(2-Bromophenyl)(1-phenylethylidene)amine (9g): The general procedure
with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9g in 98% yield as a yellow oil after distillation in
a Kugelrohr apparatus (190 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz):
d=2.23 (s, 3H), 6.88±6.83 (dd, 3J=1.4, 7.7 Hz, 1H), 7.35±7.30 (t, 3J=
7.7 Hz, 1H), 7.52±7.49 (m, 3H), 7.66±7.63 (dd, 3J=1.1, 7.9 Hz, 1H), 8.06±


8.04 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=17.9 (CH3), 113.6 (C),
120.2 (CH), 124.3 (CH), 127.3 (2CH), 127.8 (CH), 128.2 (CH), 128.3
(CH), 130.7 (CH), 132.7 (CH), 138.7 (C), 149.8 (C), 167.3 (C) ppm;
HRMS: m/z calcd for C14H12BrN: 273.01476; found: 273.01371.


(3-Bromophenyl)(1-phenylethylidene)amine (9h): The general procedure
with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9h in 98% yield as a yellow oil after distillation in
a Kugelrohr apparatus (190 8C) at 10�2 Torr. 1H NMR (CDCl3, 200 MHz):
d=2.28 (s, 3H), 6.79±6.76 (m, 1H), 7.03±7.02 (m, 1H), 7.26±7.24 (m, 2
H), 7.51±7.48 (m, 3H), 8.02±7.99 (m, 2H) ppm; 13C NMR (CDCl3,
50.3 MHz): d=17.4 (CH3), 118.0 (CH), 122.2 (CH), 122.3 (C), 125.9
(CH), 127.1 (2CH), 128.3 (2CH), 130.2 (CH), 130.7 (CH), 138.8 (C),
152.9 (C), 166.2 (C) ppm; HRMS: m/z calcd for C14H12BrN: 273.01476;
found: 273.01454.


(4-Bromophenyl)(1-phenylethylidene)amine (9 i): The general procedure
with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9 i in 98% yield as a yellow oil after distillation in
a Kugelrohr apparatus (190 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz):
d=2.24 (s, 3H), 6.72±6.69 (d, 3J=8.5 Hz, 2H), 7.49±7.46 (m, 5H), 8.01±
7.97 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=17.2 (CH3), 115.9 (C),
121.1 (2CH), 127.0 (2CH), 128.2 (2CH), 130.5 (2CH), 131.8 (CH), 138.9
(C), 150.5 (C), 165.9 (C) ppm; HRMS: m/z calcd for C14H12BrN:
273.01476; found: 273.01444.


(1-Phenylethylidene)(2,4,6-trimethylphenyl)amine (9 j): The general pro-
cedure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reac-
tion temperature of 90 8C gave 9j in 92% yield as a yellow oil after distil-
lation in a Kugelrohr apparatus (190 8C) at 10�2 Torr. 1H NMR (CDCl3,
300 MHz): d=2.06 (s, 6H), 2.12 (s, 3H), 2.35 (s, 3H), 6.94 (s, 2H), 7.53±
7.51 (m, 3H), 8.09±8.07 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=
17.3 (CH3), 17.8 (CH3), 20.6 (CH3), 125.4 (C), 126.9 (2CH), 128.3 (2CH),
128.4 (2CH), 130.2 (CH), 131.7 (C), 139.1 (C), 146.3 (C), 165.3 (C) ppm;
HRMS: m/z calcd for C17H19N: 237.15120; found: 237.15218.


(2,6-Dibromophenyl)(1-phenylethylidene)amine (9k): The general proce-
dure with 2 mol% of [Pd2(dba)3], 6 mol% of (� )-BINAP, and a reaction
temperature of 90 8C gave 9k in 50% conversion as an orange solid.
1H NMR (CDCl3, 300 MHz): d=0.19 (s, 3H), 6.85±6.80 (t, 3J=7.9 Hz, 1
H), 7.58±7.49 (m, 5H), 8.01±8.06 (m, 2H) ppm; 13C NMR (CDCl3,
75 MHz): d=18.7 (CH3), 113.8 (C), 124.8 (CH), 127.5 (2CH), 128.4 (2
CH), 131.1 (CH), 131.6 (2CH), 131.7 (CH), 138.2 (C), 148.2 (C), 164.4
(C) ppm; HRMS: m/z calcd for C14H11Br2N: 350.92527; found: 350.92542.


Butyl(1-phenylethylidene)amine (9 l): The general procedure with 1 mol
% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of
90 8C gave 9 l in 88% yield as a yellow oil after distillation in a Kugelrohr
apparatus (150 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=1.09±
1.04 (t, 3J=7.3 Hz, 3H), 1.64±1.49 (m, 3J=7.3 Hz, 2H), 1.87±1.77 (q, 3J=
7.3 Hz, 2H), 2.26 (s, 3H), 3.57±3.52 (t, 3J=7.3 Hz, 2H), 7.43±7.40 (m, 3
H), 7.88±7.83 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=13.8 (CH3),
15.1 (CH3), 20.6 (CH2), 32.9 (CH2), 51.7 (CH2), 126.3 (2CH), 127.9 (2
CH), 128.9 (CH), 141.2 (C), 164.4 (C) ppm; HRMS: m/z calcd for
C12H17N: 175.12772; found: 175.12773.


Allyl(1-phenylethylidene)amine (9m): The general procedure with 1 mol
% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction temperature of
90 8C gave 9m in 98% yield as a yellow oil after distillation in a Kugel-
rohr apparatus (140 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz): d=


2.24 (s, 3H), 4.19±4.18 (d, 3J=4.4 Hz, 2H), 5.18±5.14 (dd, 3J=1.7,
10.5 Hz, 1H), 5.30±5.24 (dd, 3J=1.7, 17.1 Hz, 1H), 6.20±6.07 (m, 1H),
7.39±7.37 (m, 3H), 7.83±7.80 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz):
d=15.4 (CH3), 54.4 (CH2), 114.9 (CH2), 126.5 (2CH), 128.1 (2CH), 129.4
(CH), 135.8 (CH), 140.9 (C), 166.1 (C) ppm.


4-Methoxybenzyl(1-phenylethylidene)amine (9n): The general procedure
with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9n in 96% yield as a yellow oil after distillation in
a Kugelrohr apparatus (200 8C) at 10�2 Torr. 1H NMR (CDCl3, 200 MHz):
d=2.36 (s, 3H), 3.84 (s, 3H), 4.73 (s, 2H), 6.97±6.93 (d, 3J=8.7 Hz, 2H),
7.45±7.38 (m, 5H), 7.91±7.88 (m, 2H) ppm; 13C NMR (CDCl3,
50.3 MHz): d=15.6 (CH3), 54.9 (CH2), 55.4 (CH3), 113.6 (2CH), 126.6 (2
CH), 128.1 (2CH), 128.6 (2CH), 129.4 (CH), 132.5 (C), 140.9 (C), 158.2
(C), 165.5 (C) ppm; HRMS: m/z calcd for C16H17NO: 239.13046; found:
239.13018.
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(1-Phenylethyl)(1-phenylethylidene)amine (9o): The general procedure
with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction tem-
perature of 90 8C gave 9o in 94% yield as a yellow oil after distillation in
a Kugelrohr apparatus (200 8C) at 10�2 Torr. 1H NMR (CDCl3, 300 MHz):
d=1.65±1.63 (d, 3J=6.5 Hz, 3H), 2.33 (s, 3H), 4.95±4.81 (q, 3J=6.5 Hz, 1
H), 7.55±7.30 (m, 8H), 7.57±7.55 (m, 2H) ppm; 13C NMR (CDCl3,
75 MHz): d=15.4 (CH3), 24.9 (CH3), 59.7 (CH), 126.4 (CH), 126.5 (2
CH), 126.6 (2CH), 128.1 (2CH), 128.2 (2CH), 129.2 (CH), 141.3 (C),
146.1 (C), 163.3 (C) ppm; HRMS: m/z calcd for C16H17N: 223.13555;
found: 223.15517.


(2-Benzyloxy-1-methylethylidene)(4-methoxyphenyl)amine (10a): The
general procedure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP,
and a reaction temperature of 90 8C gave 10a in 90% yield as an orange
oil. 1H NMR (CDCl3, 300 MHz): d=1.89 (s, 3H), 3.80 (s, 3H), 4.23 (s, 2
H), 4.67 (s, 2H), 6.75±6.70 (m, 2H), 6.91±6.88 (m, 2H), 7.43±7.40 (m, 5
H) ppm; 13C NMR (CDCl3, 75 MHz): d=16.5 (CH3), 55.1 (CH3), 72.8
(CH2), 75.4 (CH2), 113.9 (2CH), 120.5 (2CH), 127.6 (CH), 127.7 (2CH),
128.2 (2CH), 137.5 (C), 143.4 (C), 155.8 (C), 169.3 (C) ppm; HRMS: m/z
calcd for C17H19NO2: 269.14103; found: 269.14074.


(2-But-2-ynyloxy-1-methylethylidene)(4-methoxyphenyl)amine (10b):
The general procedure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-
BINAP, and a reaction temperature of 90 8C gave 10b in 94% yield as an
orange oil. 1H NMR (CDCl3, 300 MHz): d=1.72 (s, 6H), 3.62 (s, 3H),
4.10 (s, 4H), 6.58±6.54 (m, 2H), 6.74±6.71 (m, 2H) ppm; 13C NMR
(CDCl3, 75 MHz): d=3.0 (CH3), 16.2 (CH3), 54.7 (CH3), 58.2 (CH2), 74.1
(CH2), 74.3 (C), 82.6 (C), 113.6 (2CH), 120.6 (2CH), 143.1 (C), 155.5
(C), 169.4 (C) ppm; HRMS: m/z calcd for C14H17NO2: 231.12538; found:
231.12493.


(4-Methoxyphenyl)(1-methylnonylidene)amine (10c): The general proce-
dure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a reaction
temperature of 90 8C gave 10c in 95% yield as an orange oil. 1H NMR
(CDCl3, 300 MHz): d=0.91±0.87 (t, 3J=6.1 Hz, 3H), 1.35±1.20 (m, 10H),
1.73±1.69 (m, 2H), 1.78 (s, 3H), 2.42±2.36 (t, 3J=7.9 Hz, 2H), 3.78 (s, 3
H), 6.66±6.62 (m, 2H), 6.89±6.82 (m, 2H) ppm; 13C NMR (CDCl3,
75 MHz): d=13.9 (CH3), 19.1 (CH3), 22.5 (CH2), 26.3 (CH2), 29.1 (CH2),
29.2 (CH2), 29.3 (CH2), 31.7 (CH2), 41.7 (CH2), 55.2 (CH3), 113.9 (2CH),
120.5 (2CH), 144.7 (C), 155.5 (C), 172.4 (C) ppm; HRMS: m/z calcd for
C17H27NO: 261.20871; found: 261.20993.


(4-Methoxyphenyl)[1-methyl-2-(methylphenylamino)ethylidene]amine
(10d): The general procedure with 1 mol% of [Pd2(dba)3], 3 mol% of (�)-
BINAP, and a reaction temperature of 90 8C gave 10d in 92% yield as an
orange oil. 1H NMR (CDCl3, 300 MHz): d=1.81 (s, 3H), 3.13 (s, 3H),
3.81 (s, 3H), 4.19 (s, 2H), 6.81±6.71 (m, 3H), 6.92±6.86 (m, 4H), 7.34±
7.29 (m, 2H) ppm; 13C NMR (CDCl3, 75 MHz): d=16.7 (CH3), 39.2
(CH3), 55.1 (CH3), 62.0 (CH2), 112.1 (2CH), 113.9 (2CH), 116.6 (CH),
120.4 (2CH), 128.9 (2CH), 143.6 (C), 149.1 (C), 155.7 (C), 170.9
(C) ppm; HRMS: m/z calcd for C17H20N2O: 268.15701; found: 268.15743.


(2-Benzyloxy-1-methylethylidene)(4-methoxybenzyl)amine (10e): The
general procedure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP,
and a reaction temperature of 90 8C gave 10e in 94% yield as an orange
oil. 1H NMR (CDCl3, 200 MHz): d=2.02 (s, 3H), 3.82 (s, 3H), 4.16 (s, 2
H), 4.52 (s, 2H), 4.59 (s, 2H), 6.95±6.91 (m, 2H), 7.40±7.28 (m, 7H) ppm;
13C NMR (CDCl3, 50.3 MHz): d=14.8 (CH3), 54.3 (CH2), 54.9 (CH3),
72.5 (CH2), 76.4 (CH2), 113.6 (2CH), 127.5 (CH), 127.6 (2CH), 128.1 (2
CH), 128.7 (2CH), 131.8 (C), 137.7 (C), 158.2 (C), 168.1 (C) ppm;
HRMS: m/z calcd for C18H21NO2: 283.15668; found: 283.15680.


[2-(4-Methoxybenzylimino)propyl]methylphenylamine (10 f): The general
procedure with 1 mol% of [Pd2(dba)3], 3 mol% of (� )-BINAP, and a re-
action temperature of 90 8C gave 10 f in 93% yield as an orange oil.
1H NMR (CDCl3, 200 MHz): d=1.92 (s, 3H), 3.09 (s, 3H), 3.85 (s, 3H),
4.12 (s, 2H), 4.56 (s, 2H), 6.88±6.82 (d, 3J=8.7 Hz, 2H), 6.97±6.94 (d,
3J=8.7 Hz, 2H), 7.32±7.30 (m, 5H) ppm; 13C NMR (CDCl3, 50.3 MHz):
d=14.8 (CH3), 38.9 (CH3), 54.3 (CH2), 54.9 (CH3), 62.4 (CH2), 112.2 (2
CH), 113.6 (2CH), 116.4 (CH), 128.6 (2CH), 128.8 (2CH), 131.9 (C),
149.3 (C), 158.1 (C), 169.3 (C) ppm; HRMS: m/z calcd for C18H22N2O:
282.17266; found: 282.17303.
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Evidence That Protons Can Be the Active Catalysts in Lewis Acid Mediated
Hetero-Michael Addition Reactions


Tobias C. Wabnitz, Jin-Quan Yu, and Jonathan B. Spencer*[a]


Introduction


Michael and hetero-Michael addition reactions are amongst
the most important bond forming strategies for both
carbon±carbon and carbon±heteroatom bonds in organic
chemistry. The first reports of hetero-Michael addition reac-
tions date back to 1874 and 1878, when Sokoloff and Lat-
schinoff observed the addition of ammonia to mesityl oxide
and Loydl described the reaction of sodium hydroxide with
fumaric acid;[1] even before the discovery of the actual Mi-
chael addition of carbon nucleophiles by Komnenos in 1883
and the studies of Michael in 1887.[2]


Normally, either the donor or the acceptor component
need to be activated in hetero-Michael addition reactions.
The classical method to achieve this has been deprotonation
of the nucleophile with strong bases. In order to perform
the reaction under conditions more compatible with other
functional groups, alternative methodologies have been de-
veloped. Important advances have been made with Lewis
acid catalysts, which activate the acceptor components and


allow hetero-Michael addition reactions to proceed under
much milder conditions.
Due to the importance of b-amino carbonyl moieties in


natural product chemistry and in drug development, synthe-
ses of these compounds by aza-Michael addition reactions
have received considerable attention.[3] Lewis acid catalysts
based on lanthanide triflates, FeCl3, InCl3, CeCl3/NaI, and
platinum group metals have been used and asymmetric ver-
sions with chiral complexes of main-group and transition-
metal cations have been reported.[4,5] Recently, significant
advances in metal-salt-catalysed, intermolecular aza-Michael
addition reactions of weakly basic nitrogen nucleophiles
such as carbamates, oxazolidinones and oximes to a,b-unsat-
urated ketones were reported by Kobayashi et al. , Banik
and Srivastava and by our group. [Pd(CH3CN)2Cl2],
[Pd(CH3CN)4](BF4)2,


[6] Cu(OTf)2,
[7] Bi(NO3)3,


[8] and noble
metal chlorides[9] such as RhCl3¥3H2O, ReCl5, PtCl4¥5H2O,
and AuCl were found to be efficient catalysts for these
transformations under very mild conditions. However, con-
clusive evidence for the reaction mechanism has not been
presented.
Lewis acid catalysed hetero-Michael addition reactions of


alcohols and thiols under nonbasic conditions have also
been reported. Achiral oxa-Michael addition reactions
mediated by PdII and ZnII have been described,[10,11] and ad-
dition reactions of sulfur nucleophiles have been achieved
both with achiral catalysts such as InBr3


[12] and Bi(NO3)3
[8]


and chiral transition-metal complexes.[13]
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Abstract: The mechanism of Lewis
acid catalysed hetero-Michael addition
reactions of weakly basic nucleophiles
to a,b-unsaturated ketones was investi-
gated. Protons, rather than metal ions,
were identified as the active catalysts.
Other mechanisms have been ruled out
by analyses of side products and of
stoichiometric enone±catalyst mixtures
and by the use of radical inhibitors. No
evidence for the involvement of p-
olefin±metal complexes or for carbon-


yl±metal-ion interactions was obtained.
The reactions did not proceed in the
presence of the non-coordinating base
2,6-di-tert-butylpyridine. An excellent
correlation of catalytic activities with
cation hydrolysis constants was ob-
tained. Different reactivities of mono-


and dicarbonyl substrates have been
rationalised. A 1H NMR probe for the
assessment of proton generation was
established and Lewis acids have been
classified according to their propensity
to hydrolyse in organic solvents.
Br˘nsted acid-catalysed conjugate ad-
dition reactions of nitrogen, oxygen,
sulfur and carbon nucleophiles are de-
veloped and implications for asymmet-
ric Lewis acid catalysis are discussed.


Keywords: Br˘nsted acids ¥
enones ¥ hydrolysis ¥ Lewis acids ¥
Michael addition
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In two very recent communications we described simple
protocols for the hetero-Michael addition reactions of nitro-
gen, oxygen and sulfur nucleophiles mediated by homoge-
neous[14] or heterogeneous[15] protic acid catalysts. These
methods were very general and a wide variety of nucleo-
philes and acceptors could be used.
We were intrigued that catalysts ranging from


[Pd(CH3CN)2Cl2] over noble metal chlorides and Bi(NO3)3
to strong Br˘nsted acids could be used for very similar reac-
tions and we suspected common mechanistic principles for
all transformations. Herein, we report the first comprehen-
sive investigation of the reaction mechanism of catalytic
hetero-Michael addition reactions with weakly basic nucleo-
philes.


Results and Discussion


Four principal mechanisms can be envisaged for the mode
of catalyst action in conjugate addition reactions to enones
under nonbasic conditions. Lewis acid mediated activation
of the enone towards nucleophilic addition can occur by for-
mation of carbonyl±metal-ion complexes such as 1a. Similar-


ly, the carbonyl oxygen can be protonated by Br˘nsted
acids, leading to 1b. Direct interactions between olefinic
double bonds and transition-metal catalysts can furnish the
activated complexes 1c. Finally, coordination of metal ions
is known to facilitate attack of free radicals on enones, lead-
ing to the intermediates 1d.
Free radical conjugate addition reactions have been used


to create carbon±carbon and carbon±sulfur bonds,[16] but ap-
plications of nitrogen nucleophiles are not known. To deter-
mine if single-electron-transfer processes are involved, aza-
Michael addition reactions of benzyl carbamate (Cbz-NH2,
3) and the enone 2a were carried out in the presence of rad-
ical inhibitors such as 3,5-di-tert-butyl-4-hydroxytoluene
(BHT) (4a) and hydroquinone (4b) (Table 1). In agreement
with results obtained by Kobayashi et al. for PtCl4¥5H2O,


[9]


reaction rates and yields were virtually unchanged when
[Pd(CH3CN)4](BF4)2 and In(OTf)3 were used in the pres-
ence or absence of the inhibitors (runs 1±4). Dramatic rate
accelerations observed with Cu(OTf)2 (runs 5±7) were due
to reduction of CuII to CuI by the phenolic inhibitors,[17] ac-
companied by the liberation of one equivalent of catalytical-
ly active triflic acid (TfOH).[14,18] The involvement of free
radicals in the catalytic cycle is therefore very unlikely.
A transition-metal-catalysed pathway proceeding via the


p-complexes and a-palladated intermediates 6 and 7, respec-
tively, was postulated for PdII-mediated oxa- and aza-Mi-
chael addition reactions (Scheme 1).[6,10]


The crucial step in this sequence is the protonolytic cleav-
age of the palladium±carbon bond. This step is known to be
accelerated by phosphine ligands on palladium, the presence
of excess halide ions or weak acids.[19] However, the aza-Mi-
chael reaction of the carbamate 3 with the enone 2b, which
can be catalysed by [Pd(CH3CN)2Cl2], was completely shut
down when [Pd(PPh3)2Cl2] was used or LiCl was added, and
no increase in reaction rate was observed in the presence of
trifluoroacetic acid (TFA) (Table 2).[14,18]


Careful analyses of the [Pd(CH3CN)4](BF4)2-catalysed
aza-Michael addition reactions to the cyclohexenones 2b,c
in CH3CN


[20] revealed that small quantities of the anilines
8a,b and the tetracyclic compound 9 were formed as side


Table 1. Aza-Michael addition reactions in the presence of radical inhibi-
tors.


Run Catalyst Solvent Inhibitor t [h] Yield [%]


1 [Pd(CH3CN)4](BF4)2 CH2Cl2 ± 7 97
2 [Pd(CH3CN)4](BF4)2 CH2Cl2 4a 7 93
3 In(OTf)3 CH3CN ± 0.5 97
4 In(OTf)3 CH3CN 4b 0.5 94
5 Cu(OTf)2 CH3CN ± 3 99
6 Cu(OTf)2 CH3CN 4a 0.25 96
7 Cu(OTf)2 CH3CN 4b 0.25 94


Scheme 1. p-Activation of enones by PdII.


Table 2. PdII-catalysed aza-Michael addition reactions under different
conditions.


Run Catalyst Additive t [h] Yield [%]


1 [Pd(CH3CN)2Cl2] ± 24 66
2 [Pd(PPh3)2Cl2] ± 48 ±
3 [Pd(CH3CN)2Cl2] LiCl (200%) 48 ±
4 [Pd(CH3CN)2Cl2] TFA (20%) 24 64
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products (Scheme 2), supporting reaction pathways involv-
ing catalytic activation of the carbonyl group. The anilines
8a,b can be formed through 1,2-addition of benzyl carba-
mate to the acceptor and subsequent oxidation of the en-
amines by PdII, as recently demonstrated by Saito et al.[21]


The structure of the tetracyclic compound 9 was confirmed
by X-ray crystallography.[22] The formation of this product is
also likely to be initiated by 1,2-attack on the carbonyl
group, followed by Diels±Alder (or stepwise conjugate addi-
tion reactions) and intramolecular Mannich reactions
(Scheme 3).


Attempts to detect the postulated complexes 6 were also
made by NMR analysis of stoichiometric mixtures of
[Pd(CH3CN)4](BF4)2 and (E)-pent-3-en-2-one (2d). No sub-
strate±catalyst complexes were detected in CD2Cl2. In
CD3CN, a slow Ritter reaction of the enone took place with-
out prior complex formation (Scheme 4). The precise struc-


tures of the intermediates could not be determined and che-
late complexes such as 10 are tentatively proposed based on
the data available. Decomplexation by reduction of PdII


with formic acid gave 11 as the only product.[23,24] None of
these results provided evidence for catalytic activation of
enones through coordination to the olefinic double bond.
Stoichiometric mixtures of other metal salts and enones


were also analysed by NMR spectroscopy. Sc(OTf)3, which
is a strong, oxophilic Lewis acid but a poor catalyst for the
aza-Michael addition reactions of carbamates, did form com-
plexes with the enone 2e and significant changes in 13C
chemical shifts of the enone were detected (Scheme 5). In


contrast, when Cu(OTf)2 or In(OTf)3 and the enone 2e
were mixed, no complexes were observed and slow, unselec-
tive condensation reactions occurred. Neither complex for-
mation nor decomposition was detected with PtCl4. When
ReCl5 was used, release of HCl led to the formation of the
b-chloroketone 12. The same reaction took place when the
catalytically inactive chlorides TiCl4 and AlCl3 were used
(Scheme 6).


These NMR experiments did not reveal carbonyl/Lewis
acid interactions for active catalysts, but showed that
Br˘nsted acids can be generated. Therefore, investigations
aimed at separating Lewis and Br˘nsted acidity were carried
out with the weak base 2,6-di-tert-butylpyridine (13), which
only binds to protons and is unable to coordinate to metal
ions due to the bulky tert-butyl groups.[25] In the presence of
the pyridine 13, none of the active metal salt catalysts re-
ported to date[6±9] were able to induce conversion in the aza-
Michael addition of benzyl carbamate (3) to the enone 2a
(Table 3, runs 1±11).
These results strongly suggest that the presence of Br˘n-


sted acids is crucial for the reaction. As the release of more
than one equivalent of protons per unit Lewis acid is possi-
ble through hydrolysis, increased amounts of base 13 were
required to suppress the reaction with the easily hydrolys-
able salts Fe(ClO4)3¥9H2O and In(OTf)3 (runs 10 and 11).
Slow conversion was observed when stoichiometric amounts
of dibasic phenanthroline (14) were present as a ligand to


Scheme 2. Formation of side products in the PdII-catalysed aza-Michael
addition reactions.


Scheme 3. Postulated routes of side product formation in PdII-catalysed
aza-Michael addition reactions of cyclohexenones.


Scheme 4. Stoichiometric enone±PdII interactions.


Scheme 5. 13C NMR analysis of enone±ScIII complexes.


Scheme 6. Enone±metal-salt interactions in CD3CN at 0 8C.
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PdII, confirming the Br˘nsted basic role of the pyridine 13
as an inhibitor (run 12). The identical effect of 13 was ob-
served in PdII-catalysed oxa-Michael addition reactions of
benzyl alcohol (15) to the enone 2 f (runs 13 and 14).
For metal salts with weakly coordinating anions, the gen-


eration of Br˘nsted acids through cation hydrolysis in aque-
ous solution is well-documented and hydrolysis constants
*K1 have been obtained for ions of almost all metals in the
periodic table (Scheme 7).[26,27] Surprisingly, no systematic
studies of catalyst hydrolysis are available for reactions in
organic solvents, despite the important implications for
Lewis acid mediated transformations.[28]


The aza-Michael addition of benzyl carbamate (3) to the
enone 2e was carried out with Lewis acids containing highly
cationic metal parts and catalytic activities and hydrolysis
constants were compared (Table 4).[26,29±33]


Cations with p*K1�7.3 were found to release sufficient
amounts of acid to catalyse the reaction and good yields
were obtained with AlIII, VIII, CrIII, FeII/III, CuII, ZrO2+, PdII,
InIII, HgII and BiIII. In all cases, the reactions were complete-
ly suppressed in the presence of the pyridine 13 (22%).


Poor conversion was observed
with cations in the borderline
region p*K1=7.7±9.0 (ZnII,
PbII), while no reaction took
place with the weakly hydrolys-
ing cations LiI, NaI, MgII,
MnII, CoII, NiII, AgI, and CdII


(p*K1>9.0). Rare earth triflates
induced slightly less conversion
than predicted from their hy-
drolysis constants. No reaction
was observed with LaIII and
SmIII and only slow conversion
took place with ScIII and YbIII.
Apart from these cases, an ex-
cellent correlation of p*K1 and
catalytic activity was obtained.
As p*K1 values are only


meaningful in aqueous solu-
tions, the presence of protons in
organic solutions was verified
spectroscopically for all Lewis
acids used. The wide separation
of 1H chemical shifts of the pyr-
idine 13 and its conjugated acid
17 allowed the extent of proto-


Table 3. Inhibition of the metal-salt-catalysed aza- and oxa-Michael addition reactions by nitrogen bases.


Run Enone RXH Catalyst Base (amount) Product Yield [%]
[a] 2a 3 MXn ± 5a 80±99
1[b] 2a 3 [Pd(CH3CN)2Cl2] 13 (11%) ± ±
2 2a 3 [Pd(CH3CN)4](BF4)2 13 (11%) ± ±
3 2a 3 Cu(OTf)2 13 (11%) ± ±
4 2a 3 RhCl3¥3H2O 13 (11%) ± ±
5 2a 3 ReCl5 13 (11%) ± ±
6 2a 3 PtCl4 13 (11%) ± ±
7 2a 3 AuCl 13 (11%) ± ±
8 2a 3 AuCl3 13 (11%) ± ±
9 2a 3 Bi(NO3)3¥5H2O 13 (11%) ± ±
10 2a 3 Fe(ClO4)3¥9H2O 13 (22%) ± ±
11 2a 3 In(OTf)3 13 (22%) ± ±
12[c] 2a 3 [d] 14 (10%) 5a 45
13[b] 2 f 15 Pd(CH3CN)2Cl2 ± 16a 85
14[b] 2 f 15 Pd(CH3CN)2Cl2 13 (11%) ± ±


[a] Yields with catalysts in runs 1±11 ranged from 80% (ReCl5) to 99% (Cu(OTf)2) in the absence of bases.
[b] In CH2Cl2. [c] In CH3NO2. [d] [Pd(phenanthroline)(CH3CN)2](BF4)2 was used (no further base added).


Scheme 7. Description of hydrolysis equilibria using the notation of Sillÿn
and Martell (see ref. [27]).


Table 4. Aza-Michael addition reactions with cationic catalysts.


Run Catalyst t [h] Yield p*K1
[a]


1 Li(OTf) 7 ± 13.7
2 NaClO4¥H2O 7 ± 14.6
3 Mg(ClO4)2 7 ± 11.4
4 Al(ClO4)3 5 93 5.3[b]


5 Sc(OTf)3 7 42 4.8[c]


6 V(ClO4)3¥nH2O 5 79 2.4
7 Cr(ClO4)3¥6H2O 5 76 4.0
8 Mn(ClO4)2¥6H2O 7 ± 10.6
9 Fe(ClO4)2¥6H2O 7 92 7.1[d]


10 Fe(ClO4)3¥9H2O 1 93 2.7[e]


11 Co(BF4)2¥6H2O 7 ± 9.7[d]


12 Ni(ClO4)2¥6H2O 7 ± 9.9[d]


13 Cu(CH3CN)4PF6 7 ± ±[f]


14 Cu(OTf)2 1 81 7.3
15 Zn(BF4)2¥nH2O 7 18 9.0
16 ZrO(ClO4)2¥8H2O 2 94 5.1[g]


17 Pd(CH3CN)4(BF4)2 1 76 1.6
18 AgClO4¥H2O 7 ± 11.7
19 Cd(ClO4)2¥nH2O 7 ± 10.1
20 In(OTf)3 0.5 94 4.0
21 Sn(OTf)2 1 94 3.4[d]


22 La(OTf)3¥nH2O 7 ± 8.5
23 Sm(OTf)3 7 ± 7.9
24 Yb(OTf)3 7 20 7.7
25 Hg(ClO4)2¥3H2O 2 91 2.4
26 Pb(ClO4)2¥3H2O 7 16 7.9[h]


27 Bi(OTf)3 0.5 94 1.6


[a] Unless otherwise noted, values were taken from ref. [29] and ref. [26]
[b] See ref. [30] [c] See ref. [31] [d] Reported *K1 for Fe


II, CoII, NiII, SnII


vary dramatically; ref. [29] [e] See ref. [32] [f] *K1 immeasurably low. See
ref. [26] [g] p*K3 given (for Zr(OH)3


+ + H+). [h] See ref. [33]
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nation to be determined easily in the presence of metal salts
(Table 5).[34] It was confirmed that protons were liberated
from all good catalysts in the presence of one or more
equivalents of water (17:13>10:1). Without exception,
metal salts that did not hydrolyse (17:13 < 1:10) failed to
induce conversion in the aza-Michael addition reactions. No-
tably, protons were released from [Pd(CH3CN)2Cl2] in


CD2Cl2, but not in CD3CN, in which hydrolysis was hindered
due to solvation. This coincides with the observed catalytic
activity of [Pd(CH3CN)2Cl2].


[35] These experiments also con-
firmed the ability of rare earth triflates to generate acid, but
due to their high affinity to carbonyl groups even in the
presence of water, hydrolysis is minimised in catalysis.[36] As
expected, AlCl3 and TiCl4 are also readily hydrolysed. How-
ever, these salts failed to catalyse the aza-Michael addition
reactions due to competitive conjugate addition of HCl
(Scheme 6).
A common feature of all active metal salt catalysts is the


generation of both protons and weakly nucleophilic counter
ions in solution. Catalytically active metal chlorides are able
to form complex acids with defined pKa values, for instance
trans-[PtCl4(H2O)2] (pKa=2.64),


[37] [AuCl3(H2O)] (pKa=


2.7), [RhCl3(H2O)3] (pKa=4.8)
[27] and [PdCl2(H2O)2] (pKa=


2.1).[29] ReV can form stable, weakly basic oxohalide com-
plexes such as [ReCl4O]


� .[38] The involvement of these or
similar species in ReCl5-mediated aza-Michael addition re-
actions explains how active acid catalysts can be generated,
while yields are reduced due to competitive conjugate addi-
tion of HCl (Scheme 3 and Table 3).[39] Although electron-
donating ligands reduce the propensity of cations to hydro-
lyse, diamine±PdII complexes can still generate acid and a
pKa value of 4.7 has been reported for [Pd(bipyridine)-
(H2O)2]


2+ .[29] AuCl is the only catalyst that cannot directly
liberate a Br˘nsted acid through hydrolysis. However, in the
absence of stabilising ligands, AuCl disproportionates in so-
lution, furnishing Au0 and hydrolysable AuCl3.


[40,41]


The origin of water required for hydrolysis must also be
addressed. Water can be present as residual moisture or can


be released from heteroatom nucleophiles and carbonyl
compounds through imine condensation (Scheme 3), or
acetal/thioacetal formation. As these reversible processes
occur easily under nonbasic conditions, it is virtually impos-
sible to perform the hetero-Michael addition reactions de-
scribed in the strict absence of water. In addition, in situ
drying agents such as molecular sieves led to irreproducible
results and could not be used for mechanistic studies as they
are known not only to retain water, but also to exchange
ions and neutralise acids.[42]


The important aspect of water content was therefore stud-
ied by kinetic experiments with Lewis acid catalysts and var-
iable amounts of water. The addition of up to two equiva-
lents of water with respect to the catalyst led to a significant
rate increase in the [Pd(CH3CN)4](BF4)2-catalysed aza-Mi-
chael addition of the carbamate 3 to the enone 2a in
CD3CN (Figure 1). Due to its Br˘nsted basic properties, in-


creased amounts of water caused the reaction to slow down.
The same relationship between water content and reaction
rate was observed with PtCl4 and also with SbF5, which
forms strongly Br˘nsted acidic SbF5(H2O) upon hydroly-
sis.[18,43] The rate decrease caused by the action of water as a
Br˘nsted base was also detected with the acid catalyst
HBF4¥OMe2.


[18]


In a similar manner, other molecules with oxygen func-
tionalities can act as Lewis or Br˘nsted bases. Earlier stud-
ies revealed that no or only reactions takes place when the
acid-catalysed aza-Michael addition is carried out in THF,
diethyl ether, acetone or ethyl acetate, whereas the reaction
is faster in acetonitrile, dichloromethane, and nitrome-
thane.[14]


Dicarbonyl acceptors, such as alkylidene malonates and
enoyl oxazolidinones, are known to coordinate more strong-
ly to oxophilic metal ions bearing multiple charges than to
protons,[44] forming conformationally rigid catalyst±substrate
complexes. Both Br˘nsted and Lewis acids such as Tf2NH
and Yb(OTf)3 were suitable catalysts for the aza-Michael
addition of benzyl carbamate (3) to the acceptors 2 g and h
(Table 6, runs 1±4). However, Tf2NH and hydrolysable


Table 5. Br˘nsted acid detection by assessing the protonation equilibri-
um of 13 and 17 using 1H NMR spectroscopy.


Extent of proto-
nation


Metal salts


17:13 > 10:1 AlCl3, Al(ClO4)3, Sc(OTf)3, TiCl4, V(ClO4)3¥nH2O,
Cr(ClO4)3¥6H2O, Fe(ClO4)2¥6H2O, Fe(ClO4)3¥9H2O,
Cu(OTf)2, ZrO(ClO4)2¥8H2O, RhCl3¥3H2O,
[Pd(CH3CN)4](BF4)2, In(OTf)3, Sn(OTf)2, Sm(OTf)3,
Yb(OTf)3, ReCl5, PtCl4, AuCl


[a] , AuCl3, Hg(ClO4)2¥
3H2O, Pb(ClO4)2¥3H2O, Bi(OTf)3, Bi(NO3)3¥5H2O


equilibrium Co(BF4)2¥6H2O, Zn(BF4)2¥nH2O, [Pd(CH3CN)2Cl2]
[b] ,


[Pd(phenanthroline)(CH3CN)2](BF4)2
[c] , La(OTf)3


17:13 < 1:10 Li(OTf), NaClO4¥H2O, Mg(ClO4)2, Mn(ClO4)2¥6H2O,
Ni(ClO4)2¥6H2O, [Cu(CH3CN)4]PF6, Pd(OAc)2,
[Pd(CH3CN)2Cl2], AgClO4¥H2O, Cd(ClO4)2¥nH2O


[a] 6.0 equiv used. [b] Suspension in CD2Cl2. [c] In CD3NO2.


Figure 1. Initial rates (and linear best fits) of [Pd(CH3CN)4](BF4)2-cata-
lysed aza-Michael addition reactions of 3 to 2a in the presence of varying
amounts of water in CD3CN (15% catalyst).
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metal salts such as Cu(OTf)2 or In(OTf)3 turned out to be
poor catalysts when benzylidene malonate 2 i was used
(runs 5±7). Yb(OTf)3-mediated reactions with 2 i, on the
other hand, proceeded even in the presence of the pyridine
13 and THF; this rules out background proton catalysis and
confirms YbIII as the active cat-
alyst (runs 8±10). Therefore,
Lewis acid catalysed processes
involving dicarbonyl com-
pounds such as alkylidene mal-
onates can benefit from minimi-
sation of proton-mediated back-
ground reactions.
In combination, these results


unambiguously show that pro-
tons can be the active catalysts
in Lewis acid mediated hetero-
Michael reactions to a,b-unsat-
urated ketones and to some di-
carbonyl acceptors. Conse-
quently, Lewis acid catalysts re-
ported for aza- and oxa-Mi-
chael addition reactions of
weakly basic nucleophi-
les[6±9,10a,c] were outperformed
by homogeneous or heteroge-
neous Br˘nsted acid catalysts
such as Tf2NH or Nafion


¾


SAC-
13.[14,15] Examples and exten-
sions of this methodology are
listed in Table 7. In addition to
benzyl carbamate (3) (runs 1±
3), other nitrogen nucleophiles
such as oxazolidin-2-one (18),
benzaldehyde oxime (19) and


N-methylaniline (20) could be used successfully (runs 4±6).
Oxa-Michael addition reactions reactions of benzyl alcohol
(15) could also be catalysed by Br˘nsted acids (runs 7 and
8) and did not require PdII catalysts. The same method
could be applied to the thiols 21 and 22, which reacted rap-
idly in the presence of Tf2NH (entries 9±10). Similarly, the
weakly basic carbon nucleophile indole (23) underwent
acid-catalysed Michael addition reactions with the enones
2a, 2e and 2 f (runs 11±13).
Transformations with similar nucleophiles and acceptors


as used in runs 5, 6, 9 and 10 have also been carried out
with chiral Lewis acid catalysts.[5g,f, 13] The existence of
Br˘nsted acid catalysed pathways has important implica-
tions for the development of enantioselective processes. Cat-
alytic enantioselective reactions which are sensitive to
proton-mediated background reactions cannot succeed
under nonbasic conditions when trace amounts of water
cannot be excluded, and when hydrolysable cationic cata-
lysts are used. The impact of hydrolysis can be reduced by
employing Lewis basic solvents such as THF or chelating di-
carbonyl substrates. Alternatively, the propensity of Lewis
acid catalysts to hydrolyse can be lowered by modification
of the metal centre with strongly electron-donating ligands
or by using cations with a small hydrolysis constants *K1. To
date, Lewis acid catalysed enantioselective aza- and thia-Mi-
chael addition reactions to monodentate enones under non-
basic conditions have only been carried out with weakly hy-
drolysing complexes of ScIII and CdII.[5h,13b±13c] High ees in ad-
dition reactions to chelating acceptors have been achieved


Table 6. Aza-Michael addition of benzyl carbamate (3) to dicarbonyl
acceptors.


Run Acceptor Catalyst Product t [h] Yield [%]


1[a] 2g Tf2NH
[d] 5g 72 49


2[a] 2g Yb(OTf)3 5g 48 21
3[a] 2h Tf2NH 5h 12 91
4[a] 2h Yb(OTf)3 5h 12 87
5 2 i Tf2NH ± 48 ±
6 2 i Cu(OTf)2 5 i 48 3
7 2 i In(OTf)3 5 i 48 19
8 2 i Yb(OTf)3 5 i 12 51
9[b] 2 i Yb(OTf)3 5 i 12 21
10[c] 2 i Yb(OTf)3 5 i 48 38


[a] At �20 8C. [b] 2,6-Di-tert-butylpyridine (13, 11%) was added. [c] In
THF. [d] Tf2NH=bis(trifluoromethanesulfon)imide.


Table 7. Br˘nsted acid catalysed conjugate addition reactions of nitrogen, oxygen, sulfur and carbon
nucleophiles.[a]


Run Acceptor RXH Solvent Product t [h] Yield [%]


1 2a 3 CH3CN 5a 10 min 98
2 2e 3 CH3CN 5e 10 min 94
3 2j 3 CH3CN 5 j 48 71
4 2a 18 CH3CN 24 1 94
5[b] 2g 19 CH2Cl2 25 10 87
6 2g 20 CH3CN 26 12 98
7 2 f 15 CH3CN 16a 12 79
8 2a 15 CH3CN 16b 48 72
9 2b 21 CHCl3 27 2 96
10 2g 22 CH2Cl2 28 2 93
11[c] 2a 23 CH3CN 29a 0.5 95
12[c] 2e 23 CH3CN 29b 2 88
13 2 f 23 CH3CN 29c 12 98


[a] The dashed arrows indicate the reactive centres of 19 and 23. [b] Tf2NH (50%) was used. [c] At 50 8C.
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with chiral catalysts based on MgII, NiII, ZnII, YIII,
YbIII,[5b,d,f,g,13a,13d] or with AlIII complexes[5c] bearing strongly
basic ligands.[45,46] All these catalysts have only weak tenden-
cies to hydrolyse, confirming the importance of the concept
described in this report.[47]


Conclusion


The generation of Br˘nsted acids through hydrolyis of metal
complexes is a known, but often underestimated phenomen-
on in Lewis acid catalysis. In this report, Br˘nsted acids
have been identified as the active catalysts in hetero-Mi-
chael addition reactions to a,b-unsaturated ketones. Acid
mediated conjugate addition reactions of weakly basic nitro-
gen, oxygen, sulfur and carbon nucleophiles have been de-
veloped. Aza-Michael addition reactions of benzyl carba-
mate (3) and 1H NMR studies with 2,6-di-tert-butylpyridine
(13) have been used as probes to detect proton liberation
from Lewis acids in organic solvents. These investigations
provide very useful guidelines for the development of Lewis
acid catalysed reactions of mono- and dicarbonyl com-
pounds under nonbasic conditions and are not limited to
hetero-Michael addition reactions.


Experimental Section


General : Solvents were distilled from CaH2 prior to use. Thin-layer chro-
matography was performed with Merck 60 PF254 0.2 mm plates (glass
backed) and Merck 9385 Kieselgel 60 was used for column chromatogra-
phy. NMR spectra were recorded on Bruker Avance 400 and 500 ma-
chines, running at 400 and 500 MHz (1H) or 100 and 126 MHz (13C), re-
spectively. Chemical shifts (in ppm) are reported relative to residual sol-
vent peaks. CD2Cl2 (< 0.02% H2O) and CD3CN (< 0.05% H2O) were
used as prescored ampoules (0.75 mL). Assignments of 1H and 13C spec-
tra were verified by 1H,1H-COSY, DEPT-135 and 1H,13C-HMQC techni-
ques. Infrared spectra were recorded on a Perkin±Elmer Spectrum One
FT-IR as neat solids or liquids. Mass spectra were recorded on a Kratos
890 spectrometer. Melting points were determined on a Reichert hot-
stage apparatus and are uncorrected. Al(ClO4)3,


[48] Cu(CH3CN)4PF6,
[49]


Bi(OTf)3
[50] and compounds 2a,[51] 2g,[52] 2h[53] and 2 i,[54] were prepared


according to literature procedures. V(ClO4)3¥nH2O was prepared in situ
from VCl3 and AgClO4¥H2O. Commercially available materials were used
as received, except enones, which were distilled prior to use. The prod-
ucts 5a,b,e,g,h and 16b have previously been characterised by us[6, 14] and
full characterisation data for compounds 8a and b have already been re-
ported in the literature.[55]


General procedure (GP1) for catalytic hetero-Michael addition reactions
(0.5 mmol scale): The nucleophile (0.75 mmol) and the catalyst
(0.05 mmol, 10%) were dissolved in CH3CN (1 mL). The a,b-unsaturated
carbonyl compound (0.5 mmol) was added and the reaction mixture was
stirred at ambient temperature and monitored by TLC. When maximum
conversion was reached,[56] an excess of silica gel containing 10%
Na2CO3 was added, the solvent was evaporated and the products were
isolated by column chromatography. The nature of the catalyst and devia-
tions from this procedure (such as different solvents, reaction tempera-
tures and reaction scales) are noted in brackets with the individual com-
pounds.


General procedure (GP2) for kinetic experiments : NMR samples con-
taining equal amounts of benzyl carbamate (3) (78 mg, 0.52 mmol), cata-
lyst (3%-15%) and CD3CN (or CD2Cl2) (0.75 mL) were prepared from
stock solutions. If appropriate, water (or another additive) was added to
these samples. The enone 2a (80 mL, 80 mg, 0.50 mmol) was injected by
syringe, the mixtures were shaken and immediately placed into a NMR


spectrometer at 25 8C. Acquisitions (2 scans) were made at regular inter-
vals. Conversions were determined from the relative intensities of the
methyl protons of the enone 2a (d=1.10 ppm in CD3CN) and the prod-
uct 5a (d=0.92 ppm in CD3CN).


General procedure for Br˘nsted acid detection with 2,6-di-tert-butylpyri-
dine : 2,6-Di-tert-butypyridine (13) (12 mL, 11 mg, 0.05 mmol), metal salt
(0.1 mmol) and–when anhydrous metal salts were used–water (0.9 mL,
0.9 mg, 0.05 mmol) were dissolved in CD3CN (0.75 mL). The relative
amounts of 13 and the conjugated acid 17 were determined by 1H NMR
spectroscopy. 13 : 1H NMR (400 MHz, CD3CN): d=1.33 (s, 18H; CH3),
7.16 (d, J=7.8 Hz, 2H; m-Ar-H), 7.59 ppm (t, J=7.8 Hz, 1H; p-Ar-H).
17; 1H NMR (400 MHz, CD3CN): d=1.53 (s, 18H; CH3), 7.90 (d, J=
8.2 Hz, 2H; m-Ar-H), 8.47 (t, J=8.2 Hz, 1H; p-Ar-H), 11.21 (br, 1H;
NH).


Interaction between ScIII and (E)-hex-4-en-3-one (2e): Sc(OTf)3 (98 mg,
0.21 mmol) and 2e (22 mL, 20 mg, 0.20 mmol) were dissolved in CD3CN
(0.75 mL). 13C NMR spectra were recorded at 0 8C and stoichiometric
complex formation was observed. 2e : 13C NMR (100 MHz, CD3CN,
0 8C): d=7.4, 17.4 (CH3), 32.4 (CH2), 131.4, 142.4 (=CH), 200.5 ppm (C=
O). Sc(OTf)3+2e : 13C NMR (100 MHz, CD3CN, 0 8C): d=7.6, 17.8
(CH3), 32.4 (CH2), 130.4, 151.3 (=CH), 208.7 ppm (C=O).


N-[(E)-Pent-2-enoyl]acetamide (2 j): Sulfuric acid (110 mL, 205 mg,
2.10 mmol) was added to a mixture of (E)-pent-2-enoyl amide (2.1 g,
21 mmol) and acetic acid anhydride (20 mL, 210 mmol). The solution was
stirred at 80 8C for 30 min, volatile components were evaporated in vacuo
and the product was isolated as a colourless solid after column chroma-
tography (2.42 g, 82%); Rf=0.35 (PE/EtOAc 1:1); M.p.=84±85 8C;
1H NMR (400 MHz, CDCl3): d=1.03 (t, J=7.4 Hz, 3H; CH2CH3), 2.22
(dq, J=6.5, 7.4 Hz, 2H; CH2CH3), 2.42 (s, 3H; C(O)CH3), 6.19 (d, J=
15.4 Hz, 1H; C(O)CH), 7.10 (dt, J=6.5, 15.4 Hz, 1H; C=CH), 9.21 ppm
(br, 1H; NH); 13C NMR (100 MHz, CDCl3): d=12.1 25.2 (CH3), 25.5
(CH2), 122.0, 152.0 (=CH), 165.4, 173.6 ppm (C=O); IR (neat, film): ñ=
3259, 3199, 2967, 1726, 1682, 1643, 1500, 1278 cm�1; HRMS (+EI, 70 eV)
calcd for: [C7H11NO2]


+ : 141.0790; found: 141.0793 [M]+ .


trans-3-Benzyloxycarbonylamino-4-methylcyclohexanone (5c): Com-
pound 5c was prepared according to GP1 ([Pd(CH3CN)4](BF4)2,
1.0 mmol scale, 24 h) and was isolated in dr>20:1 as a colourless oil
(86 mg, 33%). The assignment of trans-geometry was based upon the
coupling constant between CHCH3 and CHN, which was determined by
1H±1H homodecoupling experiments at 0 8C (3J=10.5 Hz). Rf 0.24 (PE/
diethyl ether 1:3); 1H NMR (500 MHz, CDCl3, 0 8C): d=1.04 (d, J=
6.6 Hz, 3H; CHCH3), 1.42 (dm, J=13.9 Hz, 1H; CHH), 1.78 (dm, J=
10.5 Hz, 1H; CHCH3), 2.03 (dm, J=13.9 Hz, 1H; CHH), 2.22±2.43 (m,
3H; C(O)CH2, C(O)CHH), 2.73 (m, 1H; C(O)CHH), 3.59 (dm, J=
10.5 Hz, 1H; NCH), 4.82 (br, 1H; NH), 5.10 (s, 2H; OCH2), 7.32±
7.43 ppm (m, 5H; Ar-H); 13C NMR (100 MHz, CDCl3): d=17.8 (CH3),
30.7 (CH2), 36.6 (CH), 40.4, 47.5 (CH2), 54.4 (CH), 66.7 (CH2), 128.1,
128.2, 128.5 (Ar-C), 136.4 (ipso-Ar-C), 155.6, 208.7 ppm (C=O); IR (neat,
film): ñ=3324, 2957, 2928, 1717, 1680, 1531, 1275, 1251, 1020 cm�1;
HRMS [+ESI] calcd for: [C15H19NO3Na]


+ : 284.1263; found: 284.1256
[M+Na]+ .


Diethyl ester of 2-(benzyloxycarbonylaminophenylmethyl)malonic acid
(5 i): Compound 5 i was prepared according to GP1 (Yb(OTf)3, 1.0 mmol
scale, 12 h) and was isolated as a colourless oil (202 mg, 51%). Rf 0.26
(PE/diethyl ether 1:1); 1H NMR (400 MHz, CDCl3): d=1.11 (t, J=
7.2 Hz, 3H; CH2CH3), 1.20 (t, J=7.2 Hz, 3H; CH2CH3), 3.88 (br, 1H;
C(O)CH), 4.02±4.19 (m, 4H; CH2CH3), 5.08 (d, J=12.3 Hz, 1H;
OCHH), 5.11 (d, J=12.3 Hz, 1H; OCHH), 5.54 (dd, J=4.2, 8.7 Hz, 1H;
NCH), 6.47 (br, 1H; NH), 7.21±7.33 ppm (m, 10H; Ar-H); 13C NMR
(100 MHz, CDCl3): d=14.2, 14.3 (CH3), 54.4, 57.2 (CH), 62.0, 62.4, 67.3
(CH2), 126.7, 128.1, 128.4, 128.4, 128.8, 129.0 (Ar-C), 136.9, 136.9 (ipso-
Ar-C), 156.1, 167.3, 168.4 ppm (C=O); IR (neat, film): ñ=3344, 2982,
1725, 1498, 1217, 1020, 696 cm�1; HRMS [+ESI] calcd for:
[C22H25NO6Na]


+ : 422.1580; found: 422.1602 [M+Na]+ .


N-[3-(Benzyloxycarbonylamino)pentanoyl]acetamide (5 j): Compound 5 j
was prepared according to GP1 (Tf2NH, 48 h) and was obtained as a col-
ourless solid (103 mg, 71%). Rf 0.21 (PE/EtOAc 1:1); M.p. 123±125 8C;
1H NMR (400 MHz, CDCl3): d=0.91 (t, J=7.4 Hz, 3H; CH2CH3), 1.40±
1.52 (m, 2H; CH2CH3), 2.26 (s, 3H; C(O)CH3), 2.68±2.73 (m, 2H;
C(O)CH2), 3.95 (m, 1H; NCH), 5.05 (s, 2H; OCH2), 5.32 (br, 1H; NH),
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7.26±7.33 (m, 5H; Ar-H), 9.39 ppm (br, 1H; NH); 13C NMR (100 MHz,
CDCl3): d=10.8, 25.4 (CH3), 28.3, 42.3 (CH2), 50.2 (CH), 67.0 (CH2),
128.3, 128.5, 128.9 (Ar-C), 136.9 (ipso-Ar-C), 156.5, 172.7, 172.8 ppm (C=
O); IR (neat, film): ñ=3317, 3144, 2976, 1734, 1709, 1686, 1534,
1245 cm�1; HRMS [+ESI]: calcd for [C15H20N2O4Na]


+ : 315.1321, found:
315.1313 [M+Na]+ .


Compound 9 was isolated as a side product in the synthesis of 5b accord-
ing to GP1 ([Pd(CH3CN)4(BF4)2], 1.0 mmol scale) as a colourless solid
(17 mg, 5%). Samples from several runs were combined and crystals suit-
able for X-ray crystallography were obtained from pentane/diethyl ether.
Rf 0.35 (PE/diethyl ether 1:3); M.p. 136±137 8C; 1H NMR (400 MHz,
CDCl3): d=1.42±1.69 (m, 7H; CH2, CH), 1.80±1.86 (m, 1H; CHH), 1.90±
2.01 (m, 4H; CH2, CH), 2.20±2.28 (m, 1H; CH), 2.34 (t, J=6.2 Hz, 1H;
C(O)CH), 2.71 (m, 1H; C(O)CH), 4.92 (br, 1H; NH), 5.05 (s, 2H;
OCH2), 7.28±7.36 ppm (m, 5H; Ar-H); 13C NMR (100 MHz, CDCl3): d=
20.9, 23.5, 23.5, 23.7 (CH2), 28.2, 35.8 (CH), 36.1 (CH2), 37.1, 51.5, 53.4
(CH), 56.7 (Cquart), 66.9 (CH2), 128.6, 128.7, 129.0 (Ar-C), 136.7 (ipso-Ar-
C), 155.8, 218.9 ppm (C=O); IR (neat, film): ñ=3304, 3248, 2924, 2855,
1733, 1690, 1535, 1262 cm�1; HRMS [+ESI]: calcd for [C20H23NO3Na]


+ :
348.1576; found: 348.1581 [M+Na]+).


(Z)-4-(2,2,2-Trideuteroacetylamido)pent-2-en-2-olato palladium(ii) com-
plexes (10): The complexes were prepared by dissolving pent-3-en-2-one
(2d) (21 mL, 18 mg, 0.21 mmol) and [Pd(CH3CN)4(BF4)2] (100 mg,
0.210 mmol) in CD3CN (0.75 mL). The starting enone was completely
consumed within 2 h and the products were analysed in situ (70:30 mix-
ture). Major species: 1H NMR (400 MHz, CD3CN): d=1.66 (d, J=
6.7 Hz, 3H; CHCH3), 1.79 (s, 3H;=CCH3), 4.00 (m, 1H; NCH),
4.79 ppm (m, 1H; C=CH); 13C NMR (100 MHz, CD3CN): d=15.9, 23.0
(CH3), 53.7 (CH), 101.1 (=CH), 144.8 (=Cquart), 166.9 ppm (C=O);[57]


Minor species: 1H NMR (400 MHz, CD3CN): d=1.35 (d, J=6.6 Hz, 3H;
CHCH3), 1.89 (s, 3H;=CCH3), 4.28 (m, 1H; NCH), 5.20 ppm (m, 1H;
C=CH); 13C NMR (100 MHz, CD3CN): d=16.3, 21.5 (CH3), 43.0 (CH),
102.7 (=CH), 145.4 (=Cquart), 171.7 ppm (C=O);[57] IR (mixture, in
CD3CN): ñ=1734, 1647, 1524, 1197 cm�1; HRMS [+ESI]: calcd for
[C7H9D3NO2Pd]


+ : 251.0091; found: 251.0089 [M+H]+ .[58]


N-(1-Methyl-3-oxo-butyl)-2,2,2-trideuteroacetamide (11): Formic acid
(1.0 mL, 0.80 g, 18 mmol) was added to the solution described in the
preparation of the complexes 10. The mixture was stirred at 50 8C. After
2 h the initially dark orange solution became clear and Pd0 had precipi-
tated. The solid was filtered off, aqueous Na2CO3 (5 mL) was added and
the mixture was extracted with CH2Cl2 (3î10 mL). The combined organ-
ic phases were dried over Na2SO4 and filtered, and the solvent was re-
moved in vacuo. The product was obtained as a colourless oil (26 mg,
87%); 1H NMR (500 MHz, CDCl3): d=1.20 (d, J=6.3 Hz, 3H; CHCH3),
2.14 (s, 3H; C(O)CH3), 2.59 (dd, J=5.7, 16.8 Hz, 1H; C(O)CHH), 2.66
(dd, J=5.0, 16.8 Hz, 1H; C(O)CHH), 4.30 (m, 1H; NCH), 6.20 ppm (br,
1H; NH); 13C NMR (126 MHz, CDCl3): d=20.1, 30.6 (CH3), 41.9 (CH),
48.7 (CH2), 169.5, 208.2 ppm (C=O);[57] IR (neat, film): ñ=3287, 3075,
2927, 1710, 1637, 1546, 1370, 729 cm�1; HRMS [EI, 70 eV] calcd for:
[C7H10D3NO2]


+ : 146.1135; found: 146.1132 [M]+ .


N-(1-Methyl-3-oxo-butyl)acetamide (H3-11): Compound H3-11 was pre-
pared in analogy to compound 11 with CH3CN as a solvent. The product
was obtained as a colourless oil (27 mg, 88%). 1H NMR (500 MHz,
CDCl3): d=1.21 (d, J=6.3 Hz, 3H; CHCH3), 1.92 (s, 3H; C(O)CH3),
2.14 (s, 3H; C(O)CH3), 2.60 (dd, J=5.7, 16.8 Hz, 1H; C(O)CHH), 2.67
(dd, J=5.0, 16.8 Hz, 1H; C(O)CHH), 4.30 (m, 1H; NCH), 6.14 ppm (br,
1H; NH); 13C NMR (126 MHz, CDCl3): d=20.2, 23.4, 30.6 (CH3), 41.9
(CH), 48.6 (CH2), 169.4, 208.2 ppm (C=O); IR (neat, film): ñ=3287,
3084, 2924, 1710, 1648, 1547, 1370, 731 cm�1; HRMS [EI, 70 eV] calcd
for: [C7H13NO2]


+ : 143.0946; found: 143.0947 [M]+ .


5-Chlorohexan-3-one (12): Compound 12 was prepared by bubbling gas-
eous HCl through a solution of 2e (57 mL, 49 mg, 0.5 mmol) in CH3CN
(1 mL) for 10 min. The solvent was evaporated and preparative thin-
layer chromatography furnished a colourless oil (22 mg, 34%). The NMR
spectra of this compound and of stoichiometric mixtures of 2e and AlCl3,
TiCl4, ReCl5 in CD3CN were identical. Rf 0.50 (PE/diethyl ether 1:1);
1H NMR (400 MHz, CD3CN): d=0.96 (t, J=7.0 Hz, 3H; CH2CH3), 1.47
(d, J=6.6 Hz, 3H; CHCH3), 2.41 (q, J=7.0 Hz, 2H; CH2CH3), 2.75 (dd,
J=5.1, 17.1 Hz, 1H; C(O)CHH), 2.89 (dd, J=7.8, 17.1 Hz, 1H;
C(O)CHH), 4.45 ppm (ddq, J=5.1, 6.6, 7.8 Hz, 1H; CHCl); 13C NMR


(100 MHz, CD3CN): d=8.3, 26.2 (CH3), 37.6, 53.2 (CH2), 54.2 (CH),
208.3 ppm (C=O); IR (neat, film): ñ=2961, 1726, 1393, 1250, 1066 cm�1;
HRMS [EI, 70 eV] calcd for: [C6H11ClO]


+ : 134.0498; found: 134.0494
[M]+ .


1-(Benzyloxy)pentan-3-one (16a): Compound 16a was prepared accord-
ing to GP1 (Tf2NH, 1.0 mmol scale, 12 h) and was obtained as a colour-
less oil (151 mg, 79%). Rf 0.44 (CH2Cl2/acetone 30:1). 1H NMR
(500 MHz, CDCl3): d=1.08 (t, J=7.4 Hz, 3H; CH2CH3), 2.49 (q, J=
7.4 Hz, 2H; CH2CH3), 2.71 (t, J=6.3 Hz, 2H; C(O)CH2), 3.77 (t, J=
6.3 Hz, 2H; OCH2), 4.53 (s, 2H; OCH2), 7.30±7.41 ppm (m, 5H; Ar-H);
13C NMR (100 MHz, CDCl3): d=7.4 (CH3), 36.4, 42.3, 65.2, 73.0 (CH2),
127.4, 127.5, 128.2 (Ar-C), 138.0 (ipso-Ar-C), 209.6 ppm (C=O); IR (neat,
film): ñ=2975, 2871, 1711, 1454, 1364, 1090, 735 cm�1; HRMS [EI, 70 eV]
calcd for: [C12H16O2]


+ : 192.1150; found: 192.1155 [M]+ .


3-(2-Oxo-oxazolidin-3-yl)-1-phenylpentan-1-one (24): Compound 24 was
prepared according to GP1 (Tf2NH, 1.0 mmol scale, 1 h) and was isolated
as a colourless solid (232 mg, 94%). Rf 0.17 (diethyl ether); m.p. 48±
50 8C; 1H NMR (400 MHz, CDCl3): d=0.92 (t, J=7.4 Hz, 3H; CH2CH3),
1.61±1.78 (m, 2H; CH2CH3), 3.12 (dd, J=5.7, 16.2 Hz, 1H; C(O)CHH),
3.33 (dd, J=7.9, 16.2 Hz, 1H; C(O)CHH), 3.57 (dt, J=2.3, 7.9 Hz, 2H;
NCH2), 4.07 (m, 1H; NCH), 4.21 (t, J=7.9 Hz, 2H; OCH2), 7.42 (dd, J=
7.5, 7.9 Hz, 2H; m-Ar-H), 7.53 (t, J=7.5 Hz, 1H; p-Ar-H), 7.91 ppm (d,
J=7.9 Hz, 2H; o-Ar-H); 13C NMR (100 MHz, CDCl3): d=11.2 (CH3),
25.6, 41.4, 43.0 (CH2), 52.9 (CH), 62.4 (CH2), 128.4, 129.0, 133.7 (Ar-C),
136.9 (ipso-Ar-C), 158.1, 198.3 (C=O); IR (neat, film): ñ=2963, 2910,
1736, 1686, 1425, 1226, 1057, 756 cm�1; HRMS [+ESI] calcd for
[C14H17NO3Na]


+ : 270.1106; found: 270.1098 [M+Na]+ .


3-[3-(Benzylideneamino)propionyl]-2-oxazolidinone N-oxide (25): Com-
pound 25 was prepared according to GP1 (Tf2NH (50%), in CH2Cl2,
10 h) and was obtained as a colourless solid (112 mg, 87%). Rf 0.05 (PE/
EtOAc 1:1); m.p. 169±171 8C; 1H NMR (500 MHz, CD3CN): d=3.48 (t,
J=6.3 Hz, 2H; C(O)CH2), 3.90 (t, J=8.3 Hz, 2H; NCH2), 4.24 (t, J=
6.3 Hz, 2H; NCH2), 4.36 (t, J=8.3 Hz, 2H; OCH2), 7.42±7.48 (m, 3H; m-
Ar-H, p-Ar-H), 7.74 (s, 1H; N=CH), 8.22±8.24 ppm (m, 2H; o-Ar-H);
13C NMR (126 MHz, CDCl3): d=32.5, 42.4, 60.8, 62.8 (CH2), 128.5, 128.7,
130.6 (Ar-C), 130.6 (ipso-Ar-C), 136.3 (N=CH), 154.3, 170.9 ppm (C=
O); IR (neat, film): ñ=2975, 1776, 1761, 1694, 1380, 1214, 1118,
755 cm�1; HRMS [+ESI] calcd for [C13H14N2O4Na]


+ : 285.0851; found:
285.0858 [M+Na]+ .


3-[3-(N-Methyl-N-phenylamino)propionyl]oxazolidin-2-one (26): Com-
pound 26 was prepared according to GP1 (Tf2NH, 12 h) and was ob-
tained as a colourless oil (122 mg, 98%). Rf 0.29 (diethyl ether);
1H NMR (500 MHz, CDCl3) d=2.96 (s, 3H; NCH3), 3.20 (t, J=7.1 Hz,
2H; NCH2), 3.73 (t, J=7.1 Hz, 2H; C(O)CH2), 3.91 (t, J=8.3 Hz, 2H;
NCH2), 4.30 (t, J=8.3 Hz, 2H; OCH2), 6.70 (t, J=7.1 Hz, 1H; p-Ar-H),
6.78 (d, J=8.0 Hz, 2H; o-Ar-H), 7.22 ppm (dd, J=7.1, 8.0 Hz, 2H; m-Ar-
H); 13C NMR (126 MHz, CDCl3) d=32.6 (CH2), 38.2 (CH3), 42.5, 48.3,
62.1 (CH2), 112.6, 116.7, 129.2 (Ar-C), 149.0 (ipso-Ar-C), 153.8,
172.3 ppm (C=O); IR (neat, film): ñ=2918, 1771, 1690, 1598, 1505, 1385,
1220, 1034 cm�1; HRMS [+ESI] calcd for [C13H16N2O3Na]


+ : 271.1059;
found: 271.1062 [M+Na]+ .


3-(Phenylsulfanyl)cyclohexan-1-one (27): Compound 27 was prepared ac-
cording to GP1 (Tf2NH, in CHCl3, 2 h) and was obtained as a colourless
oil (99 mg, 96%). Rf 0.31 (PE/ether 1:1);


1H NMR (500 MHz, CDCl3):
d=1.70±1.75 (m, 2H; CH2), 2.12±2.17 (m, 2H; CH2), 2.29±2.40 (m, 3H;
C(O)CH2, C(O)CHH), 2.68 (dd, J=4.4, 14.3 Hz, 1H; C(O)CHH), 3.44
(m, 1H; SCH), 7.27±7.33 (m, 3H; m-Ar-H, p-Ar-H), 7.42 ppm (d, J=
5.7 Hz, 2H; o-Ar-H); 13C NMR (126 MHz, CDCl3): d=24.0, 31.2, 40.9
(CH2), 46.1 (CH), 47.8 (CH2), 127.8, 129.0 (Ar-C), 133.1 (ipso-Ar-C),
133.2 (Ar-C), 208.6 ppm (C=O); IR (neat, film): ñ=3056, 2943, 1708,
1582, 1438, 1220, 1024, 739 cm�1; HRMS [+ESI] calcd for [C12H15OS]


+ :
207.0844; found: 207.0848 [M+H]+ .


3-[3-(Benzylsulfanyl)propionyl]oxazolidin-2-one (28): Compound 28 was
prepared according to GP1 (Tf2NH, in CH2Cl2, 2 h) and was obtained as
a colourless oil (124 mg, 93%). Rf 0.27 (ether); 1H NMR (500 MHz,
CDCl3): d=2.74 (t, J=7.0 Hz, 2H; SCH2), 3.20 (t, J=7.0 Hz, 2H;
C(O)CH2), 3.76 (s, 2H; Ar-CH2), 3.99 (t, J=8.3 Hz, 2H; NCH2), 4.38 (t,
J=8.3 Hz, 2H; OCH2), 7.24±7.36 ppm (m, 5H; Ar-H); 13C NMR
(126 MHz, CDCl3): d=25.6, 35.2, 36.3, 42.5, 62.2 (CH2), 127.0, 128.5,
128.9 (Ar-C), 138.2 (ipso-Ar-C), 153.5, 171.6 ppm (C=O); IR (neat, film):
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ñ=2920, 1770, 1692, 1384, 1200, 1036, 757, 703 cm�1; HRMS [+ESI]
calcd for [C13H15NO3SNa]


+ : 288.0670; found: 288.0669 [M+Na]+ .


3-(1H-Indol-3-yl)-1-phenylpentan-1-one (29a): Compound 29a was pre-
pared according to GP1 (Tf2NH, 50 8C, 30 min) and was obtained as a
colourless oil (131 mg, 95%). Rf 0.38 (CH2Cl2);


1H NMR (400 MHz,
CDCl3): d=0.96 (t, J=7.4 Hz, 3H; CH2CH3), 1.93±1.99 (m, 2H;
CH2CH3), 3.41 (dd, J=7.4, 16.2 Hz, 1H; C(O)CHH), 3.51 (dd, J=6.3,
16.2 Hz, 1H; C(O)CHH), 3.70 (m, 1H; Ar-CH), 6.98 (s, 1H; hetero-Ar-
H), 7.18 (dd, J=7.7, 8.0 Hz, 1H; Ar-H), 7.22 (dd, J=7.7, 8.0 Hz, 1H; Ar-
H), 7.33 (d, J=8.0 Hz, 1H; Ar-H), 7.45 (dd, J=6.9, 7.4 Hz, 2H; m-Ar-
H), 7.56 (t, J=7.4 Hz, 1H; p-Ar-H), 7.76 (d, J=8.0 Hz, 1H; Ar-H), 7.97
(d, J=6.9 Hz, 2H; o-Ar-H), 8.13 ppm (br, 1H; NH); 13C NMR
(126 MHz, CDCl3): d=12.3 (CH3), 28.5 (CH2), 34.7 (CH), 45.0 (CH2),
111.5 (Ar-C), 119.0 (ipso-Ar-C), 119.2, 119.4, 121.5, 121.9 (Ar-C), 126.8
(ipso-Ar-C), 128.2, 128.6, 133.0 (Ar-C), 136.7, 137.4 (ipso-Ar-C),
200.4 ppm (C=O); IR (neat, film): ñ=3419, 2963, 1677, 1597, 1456, 1336,
1209, 904 cm�1; HRMS [EI, 70 eV] calcd for [C19H19NO]


+ : 277.1467;
found: 277.1472 [M]+ .


5-(1H-Indol-3-yl)hexan-3-one (29b): Compound 29b was prepared ac-
cording to GP1 (Tf2NH, 50 8C, 2 h) and was obtained as a colourless oil
(95 mg, 88%). Rf 0.25 (CH2Cl2);


1H NMR (400 MHz, CDCl3): d=1.02 (t,
J=7.4 Hz, 3H; CH2CH3), 1.42 (d, J=7.0 Hz, 3H; CHCH3), 2.40 (q, J=
7.4 Hz, 2H; CH2CH3), 2.72 (dd, J=8.2, 15.8 Hz, 1H; C(O)CHH), 2.94
(dd, J=6.0, 15.8 Hz, 1H; C(O)CHH), 3.68 (m, 1H; Ar-CH), 6.92 (s, 1H;
hetero-Ar-H), 7.12 (dd, J=7.1, 7.8 Hz, 1H; Ar-H), 7.23 (dd, J=7.1,
7.8 Hz, 1H; Ar-H), 7.32 (d, J=7.8 Hz, 1H; Ar-H), 7.68 (d, J=7.8 Hz,
1H; Ar-H), 8.10 ppm (br, 1H; NH); 13C NMR (126 MHz, CDCl3): d=
7.8, 21.3 (CH3), 27.2 (CH), 39.5, 50.3 (CH2), 111.4, 119.2, 119.3, 120.3
(Ar-C), 121.1 (ipso-Ar-C), 122.9 (Ar-C), 126.3, 136.6 (ipso-Ar-C),
211.5 ppm (C=O); IR (neat, film): ñ=3409, 2973, 1702, 1457, 1339, 1098,
906 cm�1; HRMS [EI, 70 eV] calcd for [C14H17NO]


+ : 215.1310; found:
215.1319 [M]+ .


1-(1H-Indol-3-yl)-pentan-3-one (29c): Compound 29c was prepared ac-
cording to GP1 (Tf2NH, 12 h) and was obtained as a colourless solid
(98 mg, 98%). Rf 0.25 (CH2Cl2); m.p. 92±94 8C;


1H NMR (400 MHz,
CDCl3): d=1.06 (t, J=7.3 Hz, 3H; CH2CH3), 2.42 (q, J=7.3 Hz, 2H;
CH2CH3), 2.84 (t, J=7.3 Hz, 2H; C(O)CH2), 3.08 (t, J=7.3 Hz, 2H; Ar-
CH2), 6.95 (s, 1H; hetero-Ar-H), 7.12 (dd, J=7.7, 8.0 Hz, 1H; Ar-H),
7.22 (dd, J=7.7, 8.0 Hz, 1H; Ar-H), 7.36 (d, J=8.0 Hz, 1H; Ar-H), 7.63
(d, J=8.0 Hz, 1H; Ar-H), 8.06 ppm (br, 1H; NH); 13C NMR (100 MHz,
CDCl3): d=7.9 (CH3), 19.6, 36.2, 42.9 (CH2), 111.3 (Ar-C), 115.4 (ipso-
Ar-C), 118.8, 119.4, 121.7, 122.1 (Ar-C), 127.3, 136.5 (ipso-Ar-C),
211.7 ppm (C=O); IR (neat, film): ñ=3315, 3059, 2936, 1702, 1331, 1219,
1112, 1046 cm�1; HRMS [EI, 70 eV] calcd for [C13H15NO]


+ : 201.1154;
found: 201.1148 [M]+ .
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First Structural Characterization of Binary AsIII and SbIII Azides
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Introduction


The syntheses of the highly explosive binary triazides of ar-
senic and antimony have recently been reported.[1±4] Howev-
er, the structures of these interesting compounds could not
be determined because they were difficult to crystallize or
obtained only as oils. We have now been able to prepare
M(N3)3 (M=As, Sb) as very pure solids and obtained their
single crystals by slow and careful sublimation of the solids.


Results and Discussion


Syntheses and properties : The reaction of AsF3 or SbF3 in
SO2 with excess (CH3)3SiN3 at room temperature results in
complete azide±fluoride exchange yielding a clear solution
of As(N3)3 or precipitation of Sb(N3)3, respectively, accord-
ing to Equation (1) (M=As, Sb).


MF3 þ 3 ðCH3Þ3SiN3
SO2
��!MðN3Þ3 þ 3 ðCH3Þ3SiF ð1Þ


Removal of the volatile compounds, SO2, (CH3)3SiF, and
excess (CH3)3SiN3, at ambient temperature results in pure
triazides.


As(N3)3, which had previously been prepared by the reac-
tion of AsCl3 with NaN3 and been reported to be a yellowish
liquid,[1] was obtained as a white solid. Single crystals of ar-
senic triazide were obtained by slow and careful sublimation
in a dynamic vacuum. The crystalline product melts at 37 8C.
The molten As(N3)3 decomposes at 62 8C, resulting in a
milky liquid that explodes at about 160 8C.


Crude Sb(N3)3 was isolated as a white solid with a decom-
position point of 130 8C. Despite previous reports of explo-
sive decomposition upon attempted sublimation,[2] we were
able to obtain colorless crystals by sublimation of the crude
product in a static vacuum at 100±110 8C. It should be em-
phasized that As(N3)3 and Sb(N3)3 are sensitive to mechani-
cal shock and can explode violently.


Crystal structure of As(N3)3 : Clear colorless As(N3)3 crystal-
lizes in the monoclinic system (Table 1). The crystal struc-
ture of As(N3)3 is shown in Figure 1, and the atomic coordi-
nates and bond lengths are listed in Tables 2 and 3. The
three azido groups are arranged in a pyramidal, propeller-
type fashion, which is in contrast to the [C(N3)3]


+ ion, which
exhibits a trigonal planar arrangement for the central
carbon atom and the three a-nitrogen atoms.[5] This differ-
ence in the structures of M(N3)3 (M=As, Sb) and [C(N3)3]


+


is due to the presence of a sterically active lone valence
electron pair on As and Sb (see Figure 2).


The presence of a sterically active, free valence-electron
pair on As was verified both experimentally and theoretical-
ly. Experimentally, a difference electron-density contouring
of the X-ray diffraction data clearly shows the presence of
the free pair (see Figure 3a). Theoretically, the RHF/6±
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Abstract: The highly explosive mole-
cules As(N3)3 and Sb(N3)3 were ob-
tained in pure form by the reactions of
the corresponding fluorides with
(CH3)3SiN3 in SO2 and purification by
sublimation. The crystal structures and
14N NMR, infrared, and Raman spectra
were determined, and the results com-


pared to ab initio second-order pertur-
bation theory calculations. Whereas


Sb(N3)3 possesses a propeller-shaped,
pyramidal structure with perfect C3


symmetry, the As(N3)3 molecule is sig-
nificantly distorted from C3 symmetry
due to crystal packing effects.


Keywords: ab initio calculations ¥
antimony ¥ arsenic ¥ azides ¥
structure elucidation ¥ vibrational
spectroscopy
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31G(d) Boys localized orbitals[6] of the C3(anti) local mini-
mum geometry were computed, and a two-dimensional con-
tour plot of the sterically active lone pair on the arsenic
atom is shown in Figure 3b. Similarly, the MP2/6±31G(d)
total electron density was analyzed by using Bader×s Atoms
in Molecules (AIM) method.[7] A two-dimensional contour
plot of the laplacian of the total electron density (i.e. , 521)
is shown in Figure 3c. The localized negative region of the
laplacian on the arsenic atom along the direction of the C3


symmetry axis is consistent with the presence of a sterically
active lone pair.


In As(N3)3, the three azido groups point away from the ar-
senic lone pair. The torsion angles (Table 3) clearly show
that the As(N3)3 structure lacks perfect C3 symmetry. The
values for the N7-As1-N4-N5 and N1-As1-N7-N8 angles are
similar with 5.0(2) and 5.1(2)8, respectively, but different


Table 1. Crystal data and structure refinement for As(N3)3 and Sb(N3)3.


As(N3)3 Sb(N3)3


formula AsN9 N9Sb
Mr 201.01 247.84
T [K] 213(2) 223(2)
space group P21/c R3≈


a [ä] 7.3263(7) 7.6998(9)
b [ä] 11.716(1)
c [ä] 6.9865(7)
a [8] 90 55.79(2)
b [8] 107.219(2)
V [ä3 572.8(1) 291.26(6)
Z 4 2
1calcd [gcm�3] 2.331 2.826
m [mm�1] 5.863 4.667
crystal size [mm] 0.34 î 0.25 î 0.14 0.12 î 0.10 î 0.08
l [ä] 0.71073 0.71073
Rint 0.0272 0.0422
transmission factors 0.4941, 0.2404 0.7065, 0.6043
goodness-of-fit on F 1.098 1.132
R1, wR2 [I>2s(I)] 0.0240 0.0641 0.0320, 0.0849
R1, wR2 (all data) 0.0254, 0.0650 0.0328, 0.0856


Figure 1. An ORTEP plot of As(N3)3 with displacement ellipsoids at the
40% probability level.


Table 2. Atomic coordinates (î 104) and equivalent isotropic displace-
ment parameters [ä2 î 103] for As(N3)3. Ueq is defined as one third of the
trace of the orthogonalized Uij tensor.


x y z Ueq


As1 2858(1) 4451(1) 6183(1) 21(1)
N1 1116(3) 4819(2) 3655(3) 27(1)
N2 1725(3) 4783(2) 2190(3) 22(1)
N3 2190(3) 4790(2) 799(3) 35(1)
N4 4850(3) 3837(2) 5241(3) 25(1)
N5 4994(2) 2785(2) 5223(3) 23(1)
N6 5226(3) 1840(2) 5180(4) 37(1)
N7 1743(3) 3030(2) 6499(3) 26(1)
N8 250(3) 2776(2) 5209(3) 27(1)
N9 -1129(3) 2495(2) 4091(4) 41(1)


Table 3. Bond lengths [ä], bond angles [8], and torsion angles for
As(N3)3 and Sb(N3)3.


As(N3)3 Sb(N3)3


M�N1 1.897(2) 2.119(4)
M�N4 1.910(2) 2.119(4)[a]


M�N7 1.896(2) 2.119(4)[b]


N1�N2 1.232(3) 1.233(6)
N2�N3 1.121(3) 1.131(6)
N4�N5 1.237(3) 1.233(6)[a]


N5�N6 1.122(3) 1.131(6)[a]


N7�N8 1.231(3) 1.233(6)[b]


N8�N9 1.128(3) 1.131(6)[b]


N1-M-N4 97.87(9) 90.1(2)
N1-M-N7 96.51(9) 90.1(2)[a]


N7-M-N4 96.22(8) 90.1(2)[b]


N2-N1-M 117.1(2) 115.8(3)
N5-N4-M 117.1(2) 115.8(3)[a]


N8-N7-M 116.6(2) 115.8(3)[b]


N3-N2-N1 175.9(2) 178.3(5)
N6-N5-N4 175.8(2) 178.3(5)[a]


N9-N8-N7 176.3(2) 178.3(5)[b]


M-N1-N2-N3 161(4) 148(17)
M-N4-N5-N6 171(4)
M-N7-N8-N9 171(4)
N1-M-N4-N5 102.5(2)
N1-M-N7-N8 5.1(2)
N4-M-N1-N2 11.9(2) 9.9(3)
N4-M-N7-N8 103.8(2)
N7-M-N1-N2 109.1(2) 100.1(3)
N7-M-N4-N5 5.0(2)


[a] Transformation=z, x, y. [b] Transformation=y, z, x.


Figure 2. An ORTEP plot of As(N3)3 at the 40% probability level show-
ing the sterically active free valence-electron pair of arsenic and the
three closest nitrogen contacts that give the arsenic atom a coordination
number of seven.
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from the N4-As1-N1-N2 angle of 11.9(2)8, indicating the
presence of nonequivalent azido groups. A mean least-
squares planes analysis of the azido groups relative to the
plane formed by the three a-nitrogen atoms further substan-
tiates the nonequivalence of these groups. The twists of the
azido groups N1-N2-N3, N4-N5-N6, and N7-N8-N9 relative
to the mean plane formed by N1, N4, and N7 are 46.9(2),
43.0(2) and 57.9(3)8, respectively.


Packing diagrams for As(N3)3 are shown in Figures 4 and
5. It is well known that arsenic atoms can accommodate at
least six closely packed fluoride ligands, as in AsF6


� . It is,
therefore, not surprising that arsenic seeks a coordination
number higher than four in As(N3)3. For SbCl(N3)2, it has


previously been shown[8] that the antimony atom can
expand its coordination number by the formation of nitro-
gen bridges involving the a-nitrogen atoms of the azido li-
gands. This bridging mode results in four-membered rings
containing two antimony and two Na atoms. These rings are
interconnected through the antimony atoms, thus forming


infinite zigzag chains. The same
bridging principle is observed
for As(N3)3, in which two of its
azido groups, N1-N2-N3 and
N4-N5-N6, participate in the
formation of the infinite chain
structure through the formation
of fused As2N12 and As2N42 di-
meric parallelograms (see
Figure 4). These chains run
along the a axis with the two
parallelograms twisted at ~748
with respect to each other. The
bridge bond lengths are 2.970 ä
for the rings involving the N4
atoms and 3.069 ä for the rings
involving the N1 atoms. The
nonequivalence of the two rings
is caused by N6 forming an ad-
ditional bridge of 3.198 ä to an
arsenic atom of a neighboring
chain, perpendicular to the ab
plane, thus interconnecting the


Figure 3. Experimental and theoretical evidence for the presence of a
sterically active free valence-electron pair in As(N3)3: a) Difference elec-
tron density contour from the X-ray diffraction data. b) Contour plot of
the RHF/6±31G(d) Boys localized sterically active lone pair orbital on
As, in a plane containing the C3 symmetry axis of the C3(anti) structure;
solid and dashed contours correspond to positive and negative values, re-
spectively; the spacing between contour lines is 0.05 bohr3/2. c) Contour
plot of the MP2/6±31G(d) laplacian of the total electron density of the
C3(anti) geometry, in a plane containing the C3 symmetry axis; solid and
dashed lines correspond to negative and positive values, respectively.


Figure 4. Crystal packing of As(N3)3 along the b axis showing the zig-zag arrangement of alternating As12N12


and As12N42 parallelograms. These chains run along the a axis and are linked to adjacent chains by As1�N6
bonds. The N7-N8-N9 azido groups do not participate in the bridging.


Figure 5. Crystal packing of As(N3)3, viewed along the chains and the a
axis, showing the stacking of the arsenic±nitrogen parallelograms around
the inversion centers along the origin and cell edges. The individual
chains are linked to each other through diagonal As1�N6 contacts that
penetrate the ab plane.
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individual chains to form a three dimensional network (see
Figure 5). Like the chlorine ligand in SbCl(N3)2, the third
azido ligand, N7-N8-N9, does not participate in the bridging.
This packing arrangement accounts for the nonequivalence
of the three azido ligands in As(N3)3 and provides the arsen-
ic atoms with a coordination number of seven with three
azido ligands, three nitrogen bridges, and one free valence-
electron pair. The arrangement is that of a distorted mono-
capped octahedron, with the free valence-electron pair occu-
pying the monocap position. The angle, formed by the
bridge bonds, is significantly larger than that between the
azido ligands (Figure 2). The relative ease with which crystal
packing effects can deform the As(N3)3 structure from the
ideal C3 symmetry is also supported by the theoretical calcu-
lations (see below). It was found that the four stable iso-
mers, which exhibit different orientations of the azido
groups, differ in energy by a mere 3 kcal mol�1 or less.


Crystal structure of of Sb(N3)3 : This molecule (Figure 6 and
Tables 3 and 4) represents a ™text-book∫ example of perfect
C3 symmetry. The asymmetric SbN3 unit has an azido group


covalently bonded to the antimony atom that lies on a
threefold rotational axis. The symmetry operations z,x,y and
y,z,x for a rhombohedral setting for space group R3≈ gener-
ate the remaining two azido groups, thus placing the antimo-
ny atom at the pivot of a propeller-shaped molecule. The
Sb�N distance of 2.119(4) ä is shorter than the two Sb�N


distances of 2.152(8) and 2.1444(7) ä found in the crystal
structure of SbCl(N3)2.


[8] The azido groups are almost linear
with N-N-N angles of 178.3(5)8. As found for the As(N3)3


structure, the Na�Nb distance of 1.233(6) ä is longer than
the Nb�Ng distance of 1.131(6) ä. However, in the case of
SbCl(N3)2,


[8] one of the azido groups has an ™abnormal∫ Na�
Nb distance of 0.98(1) ä, which is shorter than the Nb�Ng


distance of 1.28(1) ä. This peculiarity has also been ob-
served by us for mixed chloride/azide antimony(v) anions,
[Ph4M]+[SbClx(N3)6�x]


� (x=2±5; M=P or As) and the
Te(N3)5


� ion,[9] and by others for the structures of some
azido derivatives of platinum,[10±12] vanadium,[13] and tanta-
lum.[14] In our opinion, these unusually short distances are
not real and are due to partial occupancy of some azide
sites by other atoms, such as chlorine.


In Sb(N3)3 and SbCl(N3)2, the angles at the Sb atom are
compressed from an ideal tetrahedral value of 109.58 to
~908. This angle compression is caused by the increased re-
pulsion from the sterically active free valence-electron pair
on antimony. Because this effect increases with increasing
size of the central atom, it is less pronounced for As(N3)3,
which exhibits an N-As-N angle of 97.98, and for isoelec-
tronic Te(N3)3


+ in its SbF6
� salt. The latter is significantly


distorted from ideal C3 symmetry due to crystal packing ef-
fects and fluorine bridging, and exhibits N-Te-N angles rang-
ing from 91.98 to 97.38.[15] Furthermore, the Sb-N-N angles
of 115.8(3)8 in Sb(N3)3 are smaller than those of ~1208
found in SbCl(N3)2.


[8] In accord with the requirements for C3


symmetry, the torsion angles in Sb(N3)3 are all identical and,
due to the almost linear azide group (178.3(5)8), the M-N-
N-N torsion angles are poorly determined.


One of the most interesting consequences of the high
symmetry of Sb(N3)3 is its crystal packing. Figure 7 shows
aesthetically pleasing views down the z (1 1 1) axis. Each of
the molecules has a threefold local symmetry, but the z axis
also constitutes the crystallographic threefold axis. When no
bonds are displayed, the nitrogen packing mimics the ™Star
of David∫. However, when all bonds are displayed, an inor-
ganic pseudo[18]crown-6 evolves in which six antimony
atoms form a perfect hexagon and encapsulate two Sb(N3)3


molecules located on a pseudo-S6 axis passing through the
center of the hexagonal cell. The two central Sb(N3)3 mole-
cules are stacked with the lone pairs on antimony pointing
away from each other and the three azido groups on each
antimony being rotated by 608 from each other, forming a
perfectly staggered structure. When viewed from the top,
each individual Sb(N3)3 unit resembles the three legged
™Isle of Man∫ emblem.


When viewed from the side (see Figure 8), the packing
can be described as a sheet structure. Within each sheet,
there are two Sb(N3)3 layers. The antimony atoms of each
layer point in opposite directions and form triangular
funnel-like holes. The antimony atoms of one layer are lo-
cated deep inside the holes of the other layer and reside
~0.9 ä beyond the plane formed by the antimony atoms of
the other layer. The resulting close contact between the two
layers allows each antimony to form three close contacts of
2.844 ä with a-nitrogen atoms from three neighboring
Sb(N3)3 units, thus creating two-dimensional sheets (see


Figure 6. An ORTEP plot of Sb(N3)3 with displacement ellipsoids at the
40% probability level.


Table 4. Atomic coordinates (î 104) and equivalent isotropic displace-
ment parameters [ä2 î 103] for Sb(N3)3. Ueq is defined as one third of the
trace of the orthogonalized Uij tensor.


x y z Ueq


Sb1 6897(1) 6897(1) 6897(1) 21(1)
N1 8642(6) 6330(6) 3834(7) 22(1)
N2 7558(7) 7362(7) 2605(7) 24(1)
N3 6612(8) 8311(8) 1432(8) 39(1)
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Figure 9). This gives antimony a total coordination number
of seven (three equivalent azido ligands, three equivalent ni-
trogen bridges, and one sterically active, free valence-elec-
tron pair). Because of the increased repulsion from the free
valence-electron pair of antimony, the angle between the
Sb¥¥¥N bridges is opened to 118.78, while the N-Sb-N angle is
compressed to about 908. The Sb¥¥¥N bridges result in the
formation of three a-nitrogen-bridged, perfectly planar,
four-membered rings around each antimony atom. A mean
least-square plane analysis shows that they form angles of
76.68 with each other and are arranged in a fashion resem-
bling the ™Mitsubishi∫ emblem (see insert in Figure 9). The
contacts between the sheets consist of staggered azido
groups that are rotated by 608with respect to each other.


The Sb(N3)3 and As(N3)3 packings have several features in
common. In both structures, the central atoms have coordi-
nation numbers of seven with three azide ligands, three ni-
trogen bridges, and one sterically active free valence-elec-


tron pair. Furthermore, both
molecules associate through the
formation of Na-bridged four-
membered rings. However, in
Sb(N3)3, all three Na atoms par-
ticipate equally in the bridge
formation (see ™Mitsubishi∫
insert in Figure 9), while in
As(N3)3 only two Na atoms and
one Ng atom are involved
(™half-Mitsubishi∫, see
Figure 10). This results in a
ribbon-like structure for
As(N3)3 and a sheet structure
for Sb(N3)3. Also, the bridges in
Sb(N3)3 are much stronger


(2.844 ä, while the sum of the covalent van der Waals radii
is 3.66 ä) than those in As(N3)3 (2.970, 3.069, and 3.198 ä,
while the sum of the covalent van der Waals radii is only
3.40 ä).


Figure 7. Packing diagrams of Sb(N3)3 viewed again along the z axis. The left-hand picture, in which the nitro-
gen atoms are highlighted in yellow forms a ™Star of David∫ pattern, while in the right-hand picture, the addi-
tion of the connecting bonds emphasizes the six-fold high symmetry of the structure and gives the appearance
of a crown made up from ™Isle of Man∫ emblem subunits.


Figure 8. Side view of the Sb(N3)3 structure showing two sheets intercon-
nected through staggered azido groups.


Figure 9. Nitrogen bridging within the Sb(N3)3 sheets. The insert shows
the ™Mitsubishi emblem∫ pattern of the bridging.


Figure 10. Nitrogen bridging within the As(N3)3 chains, showing a ™Half-
Mitsubishi∫ pattern.
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14N NMR spectra : As expected for covalently bonded
azides,[4] three well-resolved resonances were found for both
compounds in their 14N NMR spectra in CH2Cl2 at 25 8C.
The As(N3)3 molecule shows a very broad signal at d=


�290 ppm (Dn1=2
=300 Hz) for the Na atoms, a sharp signal


at d=�145.3 ppm (Dn1=2
=14 Hz) for the Nb atoms, and a


medium-sharp resonance at d=�175.9 ppm (Dn1=2
=34 Hz)


for the Ng atoms. This is in disagreement with the data pre-
viously reported for this compound, d=� 318.0 (Na),
�131.1 (Nb), and �165.2 ppm (Ng).[1,16] However, the ob-
served 14N NMR resonances for Sb(N3)3 of d=�324.5
(Dn1=2


=139 Hz, Na), �136.2 (Dn1=2
=18 Hz, Nb), and


�172.3 ppm (Dñß=23 Hz, Ng) are in good agreement with
the data reported previously.[2]


Theoretical calculations : Geometry optimizations were per-
formed for As(N3)3 and Sb(N3)3 by using second-order per-
turbation theory methods (MP2, also known as
MBPT(2)).[17,18] All stationary points were verified as local
minima through diagonalization of the matrix of energy
second derivatives with respect to nuclear displacements
(i.e., the hessian matrix).


Four local minima were located for As(N3)3 (see Figure 11
and Table 5). Zero-point vibrational-energy corrections for
these minima differed by less than 0.1 kcal mol�1. In the


most stable minimum at the MP2 level, (3, C1), two azido li-
gands adopt an approximate anti-orientation relative to the
stereochemically active lone pair on the As atom, with the
remaining azido ligand in a gauche-like orientation. The
second most stable isomer (1, C3) is 0.4 kcal mol�1 higher in
energy than 3 and has all three azido ligands in an anti ori-
entation. The isomer with two gauche azido ligands and one
anti azido ligand (2) has Cs symmetry and is 0.7 kcal mol�1


higher in energy than 3. Finally, the least stable minimum
(4) has all three azido groups in a gauche orientation (C3


symmetry) and is 3.0 kcal mol�1 higher in energy than 3. The
observed crystal structure is best described as a somewhat


distorted C3 structure with the three azido ligands in an anti
configuration. The calculated small energy differences can
account for the ease with which this compound can distort
from the ideal C3 symmetry under the influence of crystal
packing effects.


For Sb(N3)3, two local minima with C3 and C1 symmetry
were located, with virtually identical zero-point vibrational-
energy corrections. The C3 structure has all azido ligands
oriented anti with respect to the Sb lone pair. In the C1 min-
inum, which is 0.6 kcal mol�1 less stable than the C3 isomer,
two azido ligands are anti and the third azide is gauche (see
Figure 11 and Table 5). Our results are in reasonably good
agreement with previous HF/6±31+G* and BLYP computa-
tions[19] for As(N3)3 and Sb(N3)3 and with the experimentally
observed values (see above). The most significant difference


Figure 11. Local minima calculated for As(N3)3 (1±4) and Sb(N3)3 (1 and
3) at the MP2 level of theory. The values for the calculated bond lengths,
bond angles, and torsion angles are given in Table 5.


Table 5. Calculated bond lengths [ä], bond angles [8], and torsion angles
[8] for the local minima (1±4 ; see Figure 11) As(N3)3 (the values for
Sb(N3)3 for minima 1 and 3 are given in parantheses) at the MP2 level of
theory.


Compound 1: E = ++0.4 kcal mol�1 (0.0)
M�N1 1.888 (2.069) N2�N3 1.171 (1.196)
N1�N2 1.245 (1.267)


N1-M-N1’ 99.4 (96.2) N3-N2-N1 175.0 (174.5)
N2-N1-M 117.6 (115.1)


N3-N2-N1-M 164.9 (160.6) N2-N1-M-N1’ 81.7 (19.5)


Compound 2 : E = ++0.7 kcal mol�1


M�N1 1.876 M�N4 1.877
N1�N2 1.246 N4�N5 1.246
N2�N3 1.170 N5�N6 1.171


N1-M-N4 99.9 N5-N4-M 117.9
N4-M-N4’ 87.1 N3-N2-N1 174.6
N2-N1-M 117.2 N6-N5-N4 172.6


N3-N2-N1-M 180.0 N5-N4-M-N1 89.8
N6-N5-N4-M 180.0 N5-N4-M-N4 170.7
N2-N1-M-N4’ 44.4


Compound 3 : E = 0.0 kcal mol�1 (0.6)
M�N1 1.893 (2.065) N7�N6 1.246 (1.268)
M�N4 1.883 (2.063) N2�N3 1.172 (1.199)
M�N7 1.865 (2.046) N5�N6 1.171 (1.197)
N1�N2 1.243 (1.262) N8�N9 1.169 (1.194)
N4�N5 1.245 (1.267)


N1-M-N4 98.7 (95.3) N8-N7-M 118.8 (117.2)
N4-M-N7 101.9 (98.2) N3-N2-N1 173.6 (174.2)
N1-M-N7 92.5 (89.2) N6-N5-N4 174.7 (174.7)
N2-N1-M 118.7 (120.5) N9-N8-N7 173.6 (173.2)
N5-N4-M 118.0 (114.5)


Compound 4 : E = ++3.0 kcal mol�1


M�N1 1.871 N2�N3 1.171
N1�N2 1.245


N1-M-N1’ 93.4 N3-N2-N1 172.8
N2-N1-M 118.0


N3-N2-N1-M 178.2 N2-N1-M-N1’ 102.3
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is the length of the terminal N�N bonds, which is overesti-
mated in our calculations by about 0.05 ä.


Vibrational spectra : The infrared and Raman spectra of
As(N3)3 and Sb(N3)3 are shown in Figures 12 and 13, respec-
tively. Tables 6 and 7 summarize the computed and observed


frequencies. The vibrational spectra of both compounds
demonstrate the presence of covalently bonded azido li-
gands. The presence of more than one azido ligand results in
in-phase and out-of-phase coupling, and the internal azido
modes split into two components. For C3 symmetry, the out-
of-phase E modes are doubly degenerate and, in some cases,
can be split due to a lifting of the degeneracy. The observa-
tion of extra bands in the 1350 to 1100 cm�1 region is attrib-
uted to Fermi resonance of n2 and n10 with the appropriate
combination bands or overtones.


For As(N3)3, the best fit between observed and computed
frequencies is obtained for the C3(1) isomer, in accord with
the observed crystal structure. The fit between observed and
calculated frequencies is good for both As(N3)3 and Sb(N3)3.
As might be expected, the nitrogen bridging lowers the skel-
etal AsN3 and SbN3 stretching frequencies and increases
those of the deformation modes. This effect is more pro-
nounced for Sb(N3)3 because of the stronger bridging. The
general agreement between the vibrational spectra of
As(N3)3 and Sb(N3)3 is very good and supports our vibra-
tional analysis. The only ambiguity is the observation of one
weak Raman at 191 and 211 cm�1 in As(N3)3 and Sb(N3)3,
respectively, which could not be accounted for in our assign-
ments and were tentatively assigned to a stretching mode in-
volving the nitrogen bridges.


Conclusion


The exact structures of the highly explosive As(N3)3 and
Sb(N3)3 molecules have been determined for the first time.
Both structures can be derived from an ideal C3 symmetry
with the azido ligands being bent away from the sterically
active, free valence-electron pair of the central atom. Addi-
tional nitrogen bridging increases the coordination numbers
of arsenic and antimony to seven. The basic motif for the ni-
trogen bridging are four-membered dimeric rings consisting
of two As or Sb atoms and two a-nitrogen atoms from two
azido ligands. For As(N3)3, only two of its three azido li-
gands participate in the association process, resulting in an
infinite zigzag chain structure and destroying the perfect C3


symmetry. For Sb(N3)3, however, all three azido ligands take
part equally in the association and produce a highly sym-
metrical sheet structure, representing a case of perfect
rhombohedral C3 symmetry.


Experimental Section


Caution! Arsenic and antimony azide compounds are potentially toxic
and can decompose explosively under various conditions! They should be
handled only on a scale of less than 2 mmol with appropriate safety pre-
cautions (safety shields, safety glasses, face shields, leather gloves, protec-
tive clothing, such as leather suits, and ear plugs). Teflon containers should
be used, whenever possible, to avoid hazardous fragmentation. Ignoring
safety precautions can lead to serious injuries.


Materials and apparatus : All reactions were carried out in Teflon±FEP
ampules that were closed by stainless steel valves. Volatile materials were
handled in a stainless steel-Teflon-FEP or Pyrex glass vacuum line. All
reaction vessels and the stainless steel line were passivated with ClF3


Figure 12. Infrared (upper trace) and Raman (lower trace) spectra of
solid As(N3)3.


Figure 13. Infrared (upper trace) and Raman (lower trace) spectra of
solid Sb(N3)3. The band marked by an asterisk is due to the FEP sample
tube. Bands marked by ^ are believed to be caused by a small amount of
an unknown impurity.
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prior to use. Nonvolatile materials
were handled in the dry argon atmos-
phere of a glove box.


Infrared spectra were recorded in the
range 4000±400 cm�1 on a Midac FT-
IR model 1720 at a resolution of
1 cm�1. Spectra of solids were obtained
by using dry powders pressed between
AgCl windows in an Econo press
(Barnes Engineering Co.). Raman
spectra were recorded in the range
4000±80 cm�1 on a Bruker Equinox 55
FT-RA spectrophotometer using a
Nd:YAG laser at 1064 nm with power
levels of 100 mw or less. Pyrex melting
point tubes that were baked out at
300 8C for 48 h at 10 mTorr vacuum or
Teflon±FEP tubes with stainless steel
valves that were passivated with ClF3


were used as sample containers.
14N NMR spectra were recorded at
36.13 MHz on a Bruker AMX 500
spectrometer in CH2Cl2 in sealed stan-
dard glass tubes. Neat CH3NO (d=
0.00 ppm) was used as external refer-
ence for 14N.


The (CH3)3SiN3 (Aldrich) and AsF3


(Ozark) were purified by fractional
condensation prior to use. The SbF3


(Alfa Aesar) was purified by sublima-
tion. The SO2 (Aldrich) was con-
densed into a bulb and dried over
CaH2.


Preparation of As(N3)3 : On the stain-
less steel vacuum line, AsF3


(0.23 mmol) was condensed at �196 8C
into a Teflon±FEP ampule. The
ampule was then attached to a glass
vacuum line and after evacuation, SO2


(3.3 mmol) was condensed in at
�196 8C. The mixture was allowed to
warm to ambient temperature. After
all the AsF3 had dissolved, the ampule
was cooled back again to �196 8C, and
(CH3)3SiN3 (0.885 mmol) was added.
The ampule was kept at �40 8C for
30 min and then slowly warmed to
room temperature over a period of
4 h, resulting in a colorless solution.
The volatile components were pumped
off, leaving behind a white solid
(0.045 g, weight calculated for
0.23 mmol As(N3)3=0.046 g). Further
pumping at ambient temperature led
to the sublimation of the crude prod-
uct resulting in the formation of crys-
talline material on the walls of the re-
action vessel. Inspection of the volatile
material trapped at �196 8C by gas-
FTIR spectroscopy showed SO2 and
(CH3)3SiF[20, 21] as the only reaction by-
products. The crystalline solid was
identified as As(N3)3 by vibrational
and NMR spectroscopy and its crystal
structure.


Preparation of Sb(N3)3 : A sample of
SbF3 (0.47 mmol) was loaded in the
dry box into a Teflon±FEP ampule,
followed by the addition of SO2


(5.8 mmol) in vacuo at �196 8C. The


Table 6. Comparison of observed and unscaled calculated MP2 vibrational frequencies [cm�1] and intensities
for C3(1) As(N3)3.


Mode Approx. mode description Observed[a,g] Calculated[b]


in point group C3 IR Raman (IR) [Raman]


A n1 nasN3 in phase 2121 (vs) 2128 [3.1] 2255 (506.9) [6.7]
n2 nsN3 in phase 1251 (s,sh)[e] 1257 [1.2][e] 1293 (122.8) [22.1]
n3 dN3 in phase, in plane 663 [1.7] 681 (0.7) [16.6]
n4 dN3 in phase, out of plane 532 (0.2) [0.8]
n5 nsAsN3 480 (m) 465 [10.0] 507 (27.3) [23.4]
n6 dAsN3 in phase [c] 307 [0.3] 325 (35.5) [0.4]
n7 dAs-N-N in phase [c] 102 [2.7] 94 (0.2) [1.0]
n8 t in-phase [c] [d] 57.4 (0.0) [8.6]


E n9 nasN3 out of phase 2092 (vs) 2103 [2.1][e] 2215 (298.3) [6.1]
2093 [1.8][e]


n10 nsN3 out of phase 1231 (s) 1244 [0.3][e,f] 1280 (92.8) [6.8]
1237 [0.2][e,f]


n11 dN3 out of phase, in plane 664 (m) 673 (25.3) [2.4]
n12 dN3 out of phase, out of plane 568 (m) 532 (10.1) [0.7]
n13 nasAsN3 420 (s) 419 [4.6] 459 (83.5) [4.7]
n14 dAsN3 out of phase [c] 257 [2.3] 243 (8.8) [1.4]
n15 dAs-N-N out of phase [c] 135 [5] 113 (0.4) [5.9]
n16 t out of phase [c] [d] 44 (0.0) [4.4]


[a] Relative IR and Raman intensities given in parentheses and square brackets, respectively. [b] IR intensities
given in km mol�1 and Raman intensities given in ä4 amu�1. [c] Not observed, IR spectrum recorded only be-
tween 4000 and 400 cm�1. [d] Not observed, Raman spectrum recorded only between 4000 and 80 cm�1.
[e] Splittings caused by deviation from C3 symmetry, resulting in lifting of the degeneracy. [f] These modes
show the following Fermi resonance splittings: IR: 1337 cm�1 (m) (n3 + n11) (E); 1133 cm�1 (mw) (n5 + n11)
(E); Raman: 1334 cm�1 [0.2] (2n3 or 2n11) (A). [g] In addition to the listed bands, a Raman band at 191 cm�1


[1] was observed which was not assigned. It might represent a nitrogen-bridge stretching mode.


Table 7. Comparison of observed and unscaled calculated MP2 vibrational frequencies [cm�1] and intensities
for Sb(N3)3.


Mode Approx. mode description Observed[a] Calculated[b]


in point group C3 IR Raman (IR) [Raman]


A n1 nasN3 in phase 2121 (s,sh) 2123 [7.4] 2183 (631.9) [8.3]
n2 nsN3 in phase 1243 (vs)[d] 1263 [2.2] [d] 1243 (114.7) [37.8]
n3 dN3 in phase, in plane 660 [2.4] 653 (0.0) [20.7]
n4 dN3 in phase, out of plane 585 (0.2) [0.5]
n5 nsSbN3


[c] 386 [7.5] 456 (16.0) [39.9]
n6 dSbN3 in phase [c] 289 [0.1] 258 (35.6) [0.8]
n7 dSb-N-N in phase [c] 115 [4] 91 (0.2) [1.4]
n8 t in-phase [c] [f] 78 (0.1) [7.5]


E n9 nasN3 out of phase 2085 (vs) 2079 [10.0] 2140 (252.0) [14.5]
n10 nsN3 out of phase 1243 (vs) [d] 1248 [1.2] [d] 1231 (59.1) [5.7]
n11 dN3 out of phase, in plane 659 (s) 643 (7.0) [1.9]
n12 dN3 out of phase, out of plane 583 (m) 567 (3.3) [0.5]
n13 nasSbN3


[c] 370 [3] 414 (70.7) [5.4]
n14 dSbN3 out of phase [c] 264 [1.8] [e] 199 (9.0) [1.1]


247 [1.5]
n15 dSb-N-N out of phase [c] 153 [4][e] 109 (0.2) [7.0]


141[6.0]
n16 t out of phase [c] [f] 56 (0.1) [4.2]


[a] Relative IR and Raman intensities given in parentheses and brackets, respectively.[b] IR intensities given
in km mol�1 and Raman intensities given in ä4 amu�1. [c] Not observed, IR spectrum was recorded only be-
tween 4000 and 400 cm�1. [d] These modes show the following Fermi resonance splittings: IR, 1326 cm�1 (m),
(n3 + n11) (E); 1162 cm�1 (mw), (n5 + n11) (E); Raman: 1331 cm�1 [1.2], (2n3 or 2n11) (A). [e] Splitting due to
lifting of the degeneracy. In the low-frequency region, the following additional bands were observed and tenta-
tively assigned: IR: 442 cm�1 (mw) nSbN3; RA: 211 cm�1 [0.9], corresponding to the 191 cm�1 [1] band in
As(N3)3. These Raman bands might represent stretching modes of the nitrogen bridges. [f] Not observed,
Raman spectrum recorded only between 4000 and 80 cm�1.
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mixture was warmed to room temperature to suspend the SbF3 in the
SO2, cooled back again to �196 8C, and (CH3)3SiN3 (2.16 mmol) was con-
densed in. The ampule was kept at �40 8C for 30 min and then slowly
warmed to ambient temperature over a period of 4 h. Volatile compo-
nents were pumped off and collected at �196 8C, leaving behind a white
solid residue (0.120 g, weight calculated for 0.47 mmol of Sb(N3)3=


0.116 g). The only volatile byproduct, identified by gas-FTIR spectrosco-
py, was (CH3)3SiF. The crude Sb(N3)3 was vacuum sublimed in a sealed
glass tube at 100±110 8C. The obtained colorless crystals were character-
ized by vibrational and NMR spectroscopy and their crystal structure.


Crystal structure determinations : The single-crystal X-ray diffraction
data were collected on a Bruker three-circle platform diffractometer,
equipped with a SMART CCD (charge coupled device) detector, with
the c axis fixed at 54.748 and with MoKa radiation (l=0.71073 ä) from a
fine-focus tube. An LT-3 apparatus was employed for the low-tempera-
ture data collection by using controlled liquid nitrogen boil off. A few
well-formed single crystals, prepared by careful sublimation of the amor-
phous solid, were selected in a glove box, by using a CCD camera micro-
scope. The selected crystals were immersed in PFPE (perfluoropolyether)
oil, contained in the cavity of a culture slide. A Cryoloop was used for
picking a crystal and mounting it on a magnetic goniometer head. Cell
constants were determined from ninety 10s frames. A complete hemi-
sphere of data was scanned on omega (0.38) with a run time of 30s per
frame at a detector resolution of 512 î 512 pixels using the SMART soft-
ware.[22] A total of 1271 frames was collected in three sets and a final set
of 50 frames, identical to the first 50 frames, was also collected to deter-
mine any crystal decay. The frames were then processed on a PC running
on Windows NT software. The SAINT software[23] was used to obtain the
hkl file corrected for Lp/decay. The absorption correction was performed
by using the SADABS program.[24] For As(N3)3, the intensity statistics,
that is, E2�1 values, indicated a centrosymmetric space group. Further-
more, the absence of 0k0 (k=odd) and h0 l reflections (h+L=odd)
showed the presence of a 21 screw axis and a c-glide plane parallel and
perpendicular to the b axis, respectively. The space group was thus unam-
biguously assigned as P21/c. For Sb(N3)3, the reciprocal lattice was initial-
ly indexed as a hexagonal cell with cell constants of a=7.2046 (10), c=
19.439(4) ä, V=873.8(2) ä3, and Z=6. An alternate setting with a small-
er rhombohedral cell was obtained by using the transformation matrix
{2=3, 1=3, 1=3, �1=3, 1=3, 1=3, �1=3, �2=3, 1=3} with cell constants of a=7.6998(9),
a=55.787(17)8, V=291.26(6) ä3, and Z=2. The structures were solved
by the Patterson method by using the SHELX-90 program[25] and refined
by the least-squares method on F2, SHELXL-97,[26] incorporated in the
SHELXTL Suite 5.10 for Windows NT.[27] All atoms were refined aniso-
tropically. For the anisotropic displacement parameters, the Ueq is defined
as one third of the trace of the orthogonalized Uij tensor. For generating
the difference electron density contours the Fo�Fc was calculated by
using the ™EDEN∫ feature of the SHELXTL program.[27] The difference
F(000) value of 2 was used to compute the lone pair contour. Further de-
tails of the crystal investigations can be obtained from the Fachinforma-
tionszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(Fax: (+49) 7247-808-666; E-mail : crysdata@fiz-karlsruhe.de) on quoting
the depository numbers CSD-413359 and CSD-413360 for Sb(N3)3 and
As(N3)3, respectively.


Computational methods : Optimizations of all structures were performed
by using second-order perturbation theory.[17, 18] . For As(N3)3, the Bin-
ning and Curtis double-zeta valence basis set,[28] augmented with a d-po-
larization function[29] was used for arsenic and the 6±31G(d) basis set[30, 31]


for nitrogen. For Sb(N3)3, the Stevens, Basch, and Krauss effective core
potentials and the corresponding valence-only basis sets were used.[32]


The SBK valence basis set for nitrogen was augmented with a d-polariza-
tion function[31] and a diffuse s+p shell,[33] whereas only a d-polarization
function[34] was added to the antimony basis set. Hessians (energy second
derivatives) were calculated for the final equilibrium structures to deter-
mine if they are minima (positive definite hessian) or transition states
(one negative eigenvalue). All calculations were performed with the elec-
tronic structure code GAMESS.[35]
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Benzofuran Trimers for Organic Electroluminescence


Sally Anderson,* Peter N. Taylor, and Geraldine L. B. Verschoor[a]


Introduction


Organic electroluminescence (OEL) is an emerging display
technology allowing the manufacture of efficient, low-volt-
age multicolor displays.[1] In an OEL display, thin films of
organic materials are sandwiched between electrodes. When
an electric field is applied, holes are injected from the
anode and electrons from the cathode. The holes and elec-
trons combine to form excited states which may decay back
to the ground state with the emission of light. Full-color
OEL displays that use evaporated organic materials may be
achieved in the following ways: 1) By generating an array of
red-, green-, and blue-emitting subpixels from different
OEL materials by using shadow mask technology.[2] 2) Using
white-emitting organic materials and then generating red,
green, and blue subpixels with absorption filters.[3]


3) Making an array of blue-emitting pixels and then with ex-
ternal emissive filters generating red and green subpixels.[4]


4) By evaporating red-, green-, and blue-emitting materials
on top of one another interleaved with transparent electro-
des to form a stacked device.[5]


Blue-emitting materials[6] can be used in a number of
ways: they may be used directly for blue emission, as matri-
ces in which to dope fluorescent dyes for energy-transfer to


generate green and red light, or as a light source for emis-
sive filters external to the OEL device. We have been ex-
ploring various chromophores for blue OEL, and herein we
describe our investigations into the benzofuran chromo-
phore. The benzofuran chromophore appealed to us as a
material for OEL for the following reasons: it has high pho-
toluminescence (PL) quantum efficiencies in solution,[7] it
may be sublimed without chemical degradation, it emits
light in the blue/UV region of the visible spectrum and is,
therefore, an ideal chromophore for full-color generation
using one of the methods outlined above. A detailed study
of the OEL of this chromophore has not been carried out,[8]


and the synthetic method employed for the preparation of
these materials is very general and may be applied to a wide
variety of benzofuran oligomer and polymer targets. We
have prepared benzofuran trimers to investigate the suitabil-
ity of the benzofuran chromophore for OEL.


These molecules are members of a new class of conjugat-
ed oligomers and polymers for OEL (Scheme 1). 2,6-Linked
oligomers are through-conjugated (Scheme 2a), whereas
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Abstract: Four linear benzofuran trim-
ers have been prepared by a two-stage
synthetic procedure. They were tested
as materials for organic electrolumines-
cence (OEL). Precursor phenylene
ethynylene oligomers were formed in
the first stage, then after removal of
the phenolic hydroxyl protecting
groups, a base was used to promote the
cyclization of ortho-hydroxy phenylene
ethynylenes to benzofurans. Both ace-
tate esters and tert-butyl carbonates


were employed as protecting groups.
tert-Butyl and n-hexyl substituents on
the benzofurans were used to modulate
solubility, aggregation, and film-form-
ing properties; two tert-butyl groups
prevented aggregation in the solid


state, thus maintaining emission in the
blue region of the visible spectrum.
The OEL characteristics of the tert-
butyl-substituted benzofuran trimer
were explored, and blue emission was
observed. The two-stage synthetic pro-
cedure employed for the preparation
of these benzofuran trimers may be ap-
plied to a wide variety of benzofuran
oligomer and polymer targets.


Keywords: benzofuran ¥
chromophores ¥ luminescence ¥
oligomerization ¥ organic electro-
luminescence


Scheme 1. Generalized reaction scheme for benzofuran oligomer/polymer
formation.
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2,5-linked oligomers are cross-conjugated (Scheme 2b). The
degree of conjugation influences the emission color: better
electronic delocalization leads to emission at a longer wave-
length. We chose trimers, rather than other oligomers, as
our first synthetic targets to facilitate sublimation and to
minimize recrystallization in thin films.


The benzofuran trimers were synthesized in two stages:
the first stage generates a soluble oligomeric phenylene
ethynylene precursor with protected phenolic hydroxyl
groups located ortho to the alkynes. In the second stage,
each of the phenolic hydroxyl groups is deprotected and
then cyclized to generate the corresponding benzofurans.
We refer to this second stage as the ™zipping∫ procedure.[9]


™Zipping∫ was found to be most easily carried out in a basic
solution. This two-stage synthetic procedure has a further
potential advantage: the phenylene ethynylene chains may
be prepared with the aid of a polymer support, for example
the Merrifield resin, facilitating the preparation of combina-
torial sequence libraries.[10] This type of two-stage synthesis
is reminiscent of the methods used by, for example, Swager
and Tovar to make ladder polymers.[11]


Results and Discussion


Synthesis : We prepared benzofuran linear trimers 1a±c and
2[12] (as outlined in Schemes 3±5). We employed a modified
literature procedure[13] to couple one equivalent of triisopro-
pylsilyl acetylene (TIPSC2H) to aryl diiodides 4a±c and 11
by using palladium catalysis. In the case of the conversion of
4b to 5b, 1H NMR spectroscopy of the crude coupling reac-
tion mixture showed 17% disubstitution, 62% monosubsti-
tution (5b), and 21% starting material (4b). No signals
from monosubstitution of the iodine adjacent to the protect-
ed phenol group were observed, suggesting that a reaction
at the less hindered iodine is strongly favored over a reac-
tion adjacent to the protected phenol until the first iodine
has already been displaced. Similar results were obtained
for the other analogues. To prevent ™zipping∫ occurring si-


multaneously with phenylene ethynylene oligomer growth,
the phenolic hydroxyl groups were protected. Compound 1a
was prepared with acetate ester protecting groups, while 1b
was prepared by two routes: the first employed only acetate
esters and the second (outlined in Scheme 4) used both ace-
tate esters and tert-butyl carbonate protecting groups. We
found that acetate esters proved best for the purification of
5a±c and 12, and tert-butyl carbonates for the remainder of
the syntheses. tert-Butyl carbonates remained intact when
tetrabutyl ammonium fluoride (TBAF) was used to remove
triisopropylsilyl (TIPS) groups, whereas acetate esters un-
derwent partial hydrolysis. Oligomerization proceeded
smoothly yielding an end-capped phenylene ethynylene
trimer; the tert-butyl carbonate phenol protecting groups
were then removed thermally for 9b,c and 16, and the ace-
tate esters from 9a by using sodium hydroxide in methanol.


Once the triphenol was formed it was simply ™zipped∫ to
the corresponding benzofuran trimer by refluxing overnight
in methanolic sodium hydroxide (Scheme 5). The benzofu-
ran trimers formed as white precipitates that were collected


Scheme 2. Resonance forms for a) 2,6-linked benzofurans, b) 2,5-linked
benzofurans.


Scheme 3. Synthesis of unsubstituted linear benzofuran trimer 1a with
acetate ester protecting groups. i) TIPSC2H, Pd(OAc)2, CuI, PPh3, Et3N;
ii) PhC2H, Pd(OAc)2, CuI, PPh3, Et3N; iii) TBAF, CH2Cl2; iv) CH2Cl2,
Et3N, DMAP, AcCl; v) 5a, Pd(OAc)2, CuI, PPh3, Et3N; vi) acetic acid 2-
iodophenyl ester, Pd(OAc)2, CuI, PPh3, Et3N; vii) NaOH, MeOH, THF,
RT; viii) NaOH, MeOH, reflux.
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by centrifugation, washed carefully with methanol, and then
sublimed under reduced pressure (0.02 mbar, 200 8C). Ben-
zofuran trimers 1a±c and 2 were significantly less soluble
than the corresponding precursor end-capped phenylene
ethynylene trimers 9a±c and 16. The deprotection and ™zip-
ping∫ reactions were very efficient. Where the reaction pro-
cedure was optimized (e.g. 1a), yields in excess of 90%
were obtained for the ™zipping∫ reaction. We believe that
the lower yields for 1b, 1c, and 2 reflect the unoptimized
nature of the thermal removal of tert-butyl carbonate pro-
tecting groups. Very pure benzofuran trimers may be pre-
pared provided the precursor phenylene ethynylenes have
been purified carefully. Since the tert-butyl-carbonate-pro-
tected phenylene ethynylene precursors are soluble, purifi-
cation is readily achieved by flash column chromatography
and recrystallization. Side chains and geometries were
varied to modulate the solubility, film forming properties, in-
termolecular aggregation, and emission color: benzofuran
trimers 1a (cross-conjugated, no substituents), 1b (cross-
conjugated, tert-butyl substituents), 1c (cross-conjugated, n-


hexyl substituents), and 2 (through-conjugated, no substitu-
ents). The benzofuran trimers were all purified by sublima-
tion before their photophysical and electrolumininescence
properties were explored.


PL and absorption in solution : PL and absorption spectra
were measured in solution in CH2Cl2. The extinction coeffi-
cients and PL quantum efficiencies were found to be similar
for benzofuran trimers 1a±c (see Table 1 and the Experi-


Scheme 4. Syntheses of tert-butyl- and n-hexyl-substituted linear benzo-
furan trimers 1b and 1c. i) AcCl, DMAP, Et3N, CH2Cl2; ii) TIPSC2H,
Pd(OAc)2, CuI, PPh3, Et3N; iii) NaOH, MeOH, THF, RT; iv) di-tert-butyl
dicarbonate, DMAP, [18]crown-6, K2CO3, THF; v) PhC2H, Pd(OAc)2,
CuI, PPh3, Et3N; vi) TBAF, CH2Cl2; vii) 6b or 6c, Pd(OAc)2, CuI, PPh3,
Et3N; viii) Carbonic acid tert-butyl ester 2-iodophenyl ester, Pd(OAc)2,
CuI, PPh3, Et3N; ix) 180 8C, 30 min, 0.03 mbar; x) NaOH, MeOH, reflux.


Scheme 5. Synthesis of through-conjugated linear benzofuran trimer 2.
i) AcCl, DMAP, Et3N, CH2Cl2; ii) TIPSC2H, Pd(OAc)2, CuI, PPh3, Et3N;
iii) NaOH, MeOH, THF, RT; iv) di-tert-butyl dicarbonate, DMAP,
[18]crown-6, K2CO3, THF; v) PhC2H, Pd(OAc)2, CuI, PPh3, Et3N;
vi) TBAF, CH2Cl2; vii) 13, Pd(OAc)2, CuI, PPh3, Et3N; viii) carbonic acid
tert-butyl ester 2-iodophenyl ester, Pd(OAc)2, CuI, PPh3, Et3N, pyridine;
ix) 180 8C, 30 min, 0.03 mbar; x) NaOH, MeOH, reflux.


Table 1. Summary of photoluminescence (PL) data for benzofuran trim-
ers 1a±c and 2. Solution measurements were carried out in nitrogen-satu-
rated CH2Cl2 at room temperature. Thin films were prepared by thermal
evaporation onto fused silica at 10�7 mbar. The normal substrate position
for evaporation is about 40 cm from the evaporation source; the close po-
sition is about 20 cm from the source.


lmaxPL FPL


1a (solution) 362, 378 0.94
1a (thin film, normal position) 455, 484 ±
1a (thin film, close to source) 390, 411, 455, 484
1a (crystal from methanol) 390, 411 ±
1b (solution) 362, 387 0.93
1b (thin film, normal position) 390, 448, 477 ±
1b (thin film, close to source) 390, 428, 478 ±
1c (solution) 362, 378 0.93
2 (solution) 410, 435, 463 0.80
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mental Section for details). This was not surprising since the
molecules contain the same chromophore. The absorption
and PL spectra for 1a and 2 are compared in Figure 1. As
expected, the absorption and emission spectra of 2 are red-
shifted by about 50 nm compared to those of 1a±c, since 2 is
through-conjugated and 1a±c cross-conjugated.


PL and absorption in the solid state : The film-forming prop-
erties of the benzofuran trimers were explored by evaporat-
ing a series of films onto fused silica substrates at 10�7 mbar.
The substrates were positioned between 20 and 40 cm from
the evaporation source, the rate of evaporation for the sub-
strate 40 cm from the source (the normal position to fabri-
cate an OEL device) was between 0.1 and 0.3 nms�1. After
evaporation the films were analyzed by PL spectroscopy.
The PL spectra from thin films of the unsubstituted linear
benzofuran trimer 1a are illustrated in Figure 2a (see
Table 1 for a summary of the thin-film PL characteristics).
As the substrate was moved further away from the evapora-


tion source, the longer wavelength components became
more dominant, and the peaks at about 380 nm disappeared.
These results were compared with PL spectra carried out in
solution (see Figure 1) and PL spectra from crystalline ma-
terial, obtained by crystallization from methanol (dotted
line Figure 2a), pressed onto fused silica. Interestingly, the
crystalline material pressed on to fused silica showed a main
peak at about 380 nm, but no peaks stretching out to
500 nm as in the sublimed thin films. The chemical integrity
of the sublimed films and the crystalline material was
checked by dissolving each of the samples in chloroform


Figure 1. Normalized PL and absorption (abs) spectra in CH2Cl2 for
a) cross-conjugated benzofuran trimer 1a, and b) through-conjugated
benzofuran trimer 2.


Figure 2. PL from evaporated thin films of benzofuran trimer a) 1a and
b) 1b.
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and recording the PL and absorption spectra. These spectra
were found to be completely superimposable, confirming
that any differences in PL of the films corresponded to dif-
ferent packing arrangements of the molecules and not to
different chemical compositions. We believe that the PL
spectra become broader and red-shifted as the distance be-
tween the evaporation source and the substrate was in-
creased because the further away the substrate the lower
the evaporation rate when the molecules hit the substrate.
A slower evaporation rate results in a more ordered crystal-
line film.


The PL properties of the tert-butyl linear trimer 1b were
then explored in a similar way. Figure 2b shows the PL spec-
tra for thin films evaporated onto fused silica positioned in
the same places in the evaporation chamber as for the un-
substituted trimer 1a. The solid line shows the PL spectrum
for the substrate in the normal position, and the dashed line
the substrate close to the evaporation source. The blue com-
ponent at about 380 nm was strong in both spectra, and, al-
though the longer wavelength components were more pro-
nounced when the substrate was further away from the
evaporation source, the differences in the spectra were very
small compared to those observed with the unsubstituted
linear benzofuran trimer 1a. Presumably, the two tert-butyl
groups help to prevent aggregation of the chromophores,
and hence reduce crystallization in thin films at any sub-
strate position. As might be expected, n-hexyl substituents
on the benzofuran trimer do not disaggregate the chromo-
phores as well as the tert-butyl groups; the PL spectra of
thin films of 1c are broad with a strong emission out to
500 nm. The conjugated linear trimer 2 showed emission to
longer wavelengths consistent with its increased conjugation
and aggregation in the thin film.


Electroluminescence results : Trimer 1b was found to show
good blue PL over a range of thin-film forming conditions,
and it was thus our first choice for incorporation into two
simple test organic light emitting diodes (OLEDs). Two
OLED configurations were tested: i) simple single-layer
OLEDs were prepared by subliming 1b onto indium tin
oxide (ITO) coated with poly(3,4-ethylene dioxythiophene)
doped with poly(4-styrene sulfonate) (PEDOT¥PSS).[14] To
generate the cathode, lithium fluoride followed by alumi-
num were evaporated, the OLED structure may be abbrevi-
ated as follows: ITO/PEDOT¥PSS/1b(120 nm)/LiF(7 nm)/
Al. ii) The second type of OLED prepared contained a thin
film of an oxadiazole (OXD7)[15] evaporated on top of 1b
to improve the injection of electrons into the benzofuran
layer from the LiF/Al cathode. This resulted in the OLED
structure ITO/PEDOT¥PSS/1b(60 nm)/OXD7(50 nm)/
LiF(1.7 nm)/Al (we refer to this OLED as the bilayer
device). In both OLED structures emission was observed
from 1b, although the EL spectrum from the OLED con-
taining 1b and OXD7 was broader than the emission from
the single-layer OLED (Figure 3). Interestingly, the PL
spectrum of 1b evaporated onto PEDOT¥PSS (Figure 3,
solid line) showed a very narrow emission compared to the
emission from the thin film evaporated onto fused silica
(Figure 2b, solid line). We have observed a narrower emis-


sion from thin films evaporated onto PEDOT¥PSS for a
number of materials and presume that PEDOT¥PSS inhibits
crystallization.


In the single-layer OLED a brightness of 3.3 cdm�2 was
achieved at 3.1 mA and 20 V, whereas when the efficient
electron-transport and hole-blocking layer OXD7 was incor-
porated between the benzofuran and the cathode a maxi-
mum efficiency of 0.23 lmW�1 was obtained at 33 cdm�2,
11 V and 0.17 mA. Unfortunately, the efficiency of the bilay-
er OLED dropped substantially as the voltage was in-
creased, so that at 100 cdm�2 the efficiency was only
0.05 lmW�1.


The current density/voltage and luminance/voltage curves
for the bilayer OLED are illustrated in Figure 4, and the
band structure for this OLED is outlined in Figure 5. The
ionization potential measured for 1b was 5.4 eV (evaporated
thin film, Riken Keiki), suggesting that reasonable hole in-
jection from the PEDOT¥PSS anode should be possible. The
HOMO energy (5.4 eV) was taken as the ionization poten-
tial, and the LUMO energy calculated from the HOMO and


Figure 3. PL and electroluminescence (EL) for single-layer OLED (ITO/
PEDOT¥PSS/1b(120 nm)/LiF (7 nm)/Al), and bilayer OLED (ITO/PE-
DOT¥PSS/1b(60 nm)/OXD7(50 nm)/LiF (1.7 nm)/Al).


Figure 4. Current/voltage and luminance/voltage curves for the bilayer
device (ITO/PEDOT.PSS/1b(60 nm)/OXD7 (50 nm)/LiF(1.7 nm)/Al).
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the lowest energy absorption edge of the UV/Vis absorption
spectra.


The ionization potential for OXD7 (6.5 eV)[16] indicates
that it acts as a hole-blocking layer, thus it is less favorable
for holes to enter the OXD7 layer and so recombination
and emission are more likely to take place in 1b. Disap-
pointingly, on driving the single-layer and bilayer OLEDs,
the blue/UV emission became whiter, suggesting that emis-
sion was being observed from a molecular aggregate. The in-
itial color of the device was blue/violet, (x = 0.15 and y =


0.02), in the CIE (Commission Internationale de L×Eclair-
age) chromaticity coordinates.


Conclusions


We have explored the synthesis of a series of benzofuran
trimers by means of a two-stage approach: oligomerization
to a protected phenylene ethynylene oligomer followed by a
™zipping∫ step to generate benzofurans. This synthesis
proved very efficient and could easily be extended to pre-
pare a library of benzofuran oligomers and a variety of poly-
mers. Compounds 1a±c and 2 were readily sublimed to gen-
erate thin films. The PL of these thin films showed that, for
benzofuran trimers 1a, 1c, and 2, the film morphology is
very dependent on the evaporation conditions. Since the
film morphology of tert-butyl-substituted linear benzofuran
trimer 1b seemed more consistent over a range of evapora-
tion conditions, we chose to investigate its OEL properties.
OEL was observed from 1b in both single-layer and bilayer
OLEDs, initially in the UV/blue region of the visible spec-
trum and then as the OLEDs were driven the emission spec-
tra became increasingly whitish blue, suggesting that emis-


sion was now coming from an aggregate. Initial OEL results
from 1b were disappointing. We are now focusing on the
optimization of materials for improved color stability and
lifetime.[17]


Experimental Section


Unless otherwise stated, the starting materials were purchased commer-
cially and used without further purification. Flash column chromatogra-
phy was performed with Merck silica gel 60 mm (230±400 mesh). Dry tri-
ethylamine was obtained by distillation from calcium hydride under nitro-
gen. Mass spectrometry was carried out at the University of Southamp-
ton. Elemental analyses were carried out at The Inorganic Chemical Lab-
oratory, Oxford University. Nuclear magnetic resonance (NMR) spectra
in CDCl3 were recorded on a BrukerDPX300. Overlapping signals in 13C
NMR spectra (determined by integration comparison of similar environ-
ments) are denoted with an asterisk. Melting points are uncorrected and
were measured by differential scanning calorimetry (DSC). Absorption
spectra were measured on a Shimadzu 2401PC spectrophotometer; solu-
tion measurements were carried out in CH2Cl2. Solution PL measure-
ments were recorded on a Perkin-Elmer LS50B spectrophotometer. The
PL quantum yields (FPL) in CH2Cl2 were measured by comparison with
anthracene in ethanol (0.27)[18] in air.


5a :[13] Acetic acid 2,4-diiodophenyl ester[13] (10 g, 2.58î10�2 mol), palla-
dium(ii) acetate (116 mg, 5.2î10�4 mol), copper(i) iodide (50 mg, 2.6î
10�4 mol), and triphenylphosphine (262 mg, 1.0î10�3 mol) were dissolved
in triethylamine (60 mL), and the mixture was degassed with two freeze±
thaw cycles with nitrogen saturation. Triisopropylsilylacetylene (4.7 g,
5.8 mL, 2.6î10�2 mol) was then added with a syringe, and the mixture
was degassed by boiling under reduced pressure and then flushing with
nitrogen. After stirring at room temperature for three days, hexanes were
added, and the triethylamine hydrogen iodide removed by filtration
through celite. The filtrate was evaporated and then chromatographed on
silica (hexanes containing 0.25% diethyl ether) to yield 5a as a white
solid (4.68 g, 42%). 1H NMR (300 MHz, CDCl3): d = 7.93 (d, 4J(H,H)
= 2 Hz, 1H), 7.46 (dd, 4J(H,H) = 2, 3J(H,H) = 8 Hz, 1H), 7.03 (d,
3J(H,H) = 8 Hz, 1H), 2.36 (s, 3H), 1.13 ppm (s, 21H); 13C NMR
(75 MHz, CDCl3): d = 168.75, 151.55, 142.88, 133.48, 123.65, 123.01,
104.77, 92.82, 90.52, 21.61, 19.06, 11.66 ppm; MS (GC EIMS): m/z : 442
[M]+ , 339 [M�Ac]+ .


6a : Aryl iodide 5a (2.4 g, 5î10�3 mol), palladium(ii) acetate (24 mg,
1.1î10�4 mol), copper(i) iodide (10 mg, 5.4î10�5 mol), and triphenyl-
phosphine (57 mg, 2.2î10�4 mol) were dissolved in triethylamine
(20 mL) and the resulting mixture was degassed with two freeze±thaw
cycles with nitrogen saturation. Phenylacetylene (665 mg, 715 mL, 6.5î
10�3 mol) was added with a syringe, and the resulting solution was de-
gassed by boiling under reduced pressure and saturating with nitrogen.
The reaction mixture was heated to 70 8C for 6 h before filtering through
celite. The celite was washed with hexanes, and the solvent was evaporat-
ed. Chromatography (silica, CH2Cl2/hexanes 1:3) gave a colorless oil
(2.16 g, 96%), which was then taken on to the next step without further
purification or characterization. To a solution of the triisopropylsilyl
(TIPS)-protected acetylene (2.0 g, 4.8î10�3 mol) dissolved in CH2Cl2,
was added tetrabutylammonium fluoride (TBAF) (1m in THF, 4.8 mL,
4.8î10�3 mol). The reaction was complete after stirring at room tempera-
ture for 15 min, and was quenched by the addition of calcium chloride
and brine. The product was extracted with CH2Cl2, the organic fractions
were dried over MgSO4, and then the solvent was evaporated. A reacyla-
tion step was then carried out because some of the acetate-protecting
groups were lost during the TBAF TIPS deprotection reaction. To a mix-
ture of crude 6a, dissolved in dry CH2Cl2 (50 mL), triethylamine (1.0 mL,
0.73 g, 7.2î10�3 mol), and 4-(dimethylamino)pyridine (DMAP) (41 mg,
3.7î10�4 mol), was slowly added acetyl chloride (0.6 g, 0.5 mL, 6.4î
10�3 mol). The resulting mixture was left to stir overnight and then
quenched by washing with ammonium chloride solution (100 mL, 10%
solution) followed by NaHCO3 (100 mL, 5% solution). The organic frac-
tions were dried over MgSO4, and the solvent was evaporated. Chroma-
tography (silica, CH2Cl2/hexanes 1:1) yielded (0.99 g, 79%) of 6a as a


Figure 5. Band structure for the bilayer device (ITO/PEDOT¥PSS/
1b(60 nm)/OXD7(50 nm)/LiF (1.7 nm)/Al).
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cream-colored crystalline solid. 1H NMR (300 MHz, CDCl3): d = 7.71
(d, 4J(H,H) = 2 Hz, 1H), 7.52±7.44 (m, 3H), 7.40±7.34 (m, 3H), 7.10 (d,
3J(H,H) = 8 Hz, 1H), 3.09 (s, 1H), 2.37 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d = 169.02, 152.00, 136.97, 133.44, 132.03, 129.26,
128.88, 122.98*, 120.66, 118.30, 95.28, 83.70, 82.43, 78.35, 21.27 ppm; MS
(GC EIMS): m/z : 260 [M]+ , 218 [M�Ac]+ .


7a : See the preparation of 6a for experimental details. Quantities used:
6a (0.9 g, 3.5î10�3 mol), aryl iodide 5a (1.5 g, 3.5î10�3 mol), palladi-
um(ii) acetate (16 mg, 6.9î10�5 mol), copper(i) iodide (7 mg, 3.5î
10�5 mol), triphenylphosphine (36 mg, 1.4î10�4 mol), triethylamine
(10 mL). Chromatography (silica, CH2Cl2/hexanes 1:1) gave a white solid
(1.79 g, 90%), which was then taken on to the next step without further
purification or characterization. TIPS deprotection: TIPS-protected prod-
uct (1.6 g, 2.8î10�3 mol in CH2Cl2 80 mL), TBAF (1m in THF, 2.8 mL,
2.8î10�3 mol). Reacylation: Dry CH2Cl2 (80 mL), triethylamine (1.3 mL,
0.93 g, 9.2î10�3 mol), DMAP (51 mg, 4.5î10�4 mol), acetyl chloride
(0.72 g, 0.66 mL, 9.2î10�3 mol). Chromatography (silica, CH2Cl2/hexanes
1:1) yielded 7a as a cream-colored crystalline solid (0.94 g, 81%). 1H
NMR (300 MHz, CDCl3): d = 7.70±7.68 (m, 2H), 7.53±7.43 (m, 4H),
7.40±7.34 (m, 3H), 7.13 (d, 3J(H,H) = 9 Hz, 1H), 7.11 (d, 3J(H,H) =


9 Hz, 1H), 3.09 (s, 1H), 2.384 (s, 3H), 2.378 ppm (s, 3H); 13C NMR
(75 MHz, CDCl3): d = 169.05, 168.98, 152.01*, 137.05, 136.34, 133.70,
132.90, 132.03, 129.29, 128.89, 123.13, 123.03, 122.94, 121.12, 120.70,
118.47, 117.90, 95.41, 93.49, 84.29, 83.68, 82.33, 78.41, 21.32, 21.29 ppm;
MS (GC EIMS): m/z : 418 [M]+ , 376 [M�Ac]+ , 334 [M�2Ac]+ .


8a : See the preparation of 6a for the experimental details of palladi-
um(0)-catalyzed coupling. Aryl acetylene 7a (0.9 g, 2î10�3 mol), acetic
acid 2-iodophenyl ester (0.53 g, 0.31 mL, 2î10�3 mol), palladium(ii) ace-
tate (20 mg, 9î10�5 mol), copper(i) iodide (9 mg, 4.5î10�5 mol), triphe-
nylphosphine (47 mg, 1.8î10�4 mol), triethylamine (12 mL, freshly distil-
led over CaH2). Chromatography (silica, CH2Cl2/hexanes 3:1) gave a
white solid 8a, which was recrystallized from chloroform with layered ad-
dition of hexanes to yield a white solid (0.98 g, 87%). 1H NMR
(300 MHz, CDCl3): d = 7.72±7.68 (m, 2H), 7.59±7.55 (m, 1H), 7.53±7.45
(m, 4H), 7.42±7.35 (m, 4H), 7.28±7.22 (m, 1H), 7.16±7.12 (m, 3H),
2.38 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d = 169.33, 169.06*,
152.01, 151.97, 151.84, 136.36, 133.51, 133.14, 132.92, 132.04, 130.21,
129.30, 128.89, 126.42, 123.14, 122.94, 122.77, 121.52, 121.13, 118.48,
117.99, 117.40, 95.42, 93.53, 92.74, 85.36, 84.36, 83.67, 21.37, 21.34,
21.30 ppm; MS (APCI+ MS): m/z : 553 [M]+ , 513 [M�Ac]+ , 469
[M�2Ac]+ .


1a : Triacetate 8a (0.9 g, 1.6î10�3 mol) was dissolved in THF (45 mL). To
this solution was added methanolic sodium hydroxide (0.2 g, 5î10�3 mol,
dissolved in 4.5 mL methanol). The resultant mixture was then left to stir
overnight. The reaction mixture was neutralized with dilute hydrochloric
acid and then poured into ether. The ether layer was washed with water,
dried over MgSO4, and the solvent was evaporated. The resultant solid
was recrystallized from CH2Cl2 with layered addition of hexanes to yield
9a (650 mg, 94%). The triphenol 9a was then converted to the benzofu-
ran trimer 1a without further characterization or purification. Triphenol
9a (500 mg, 1.2î10�3 mol) and sodium hydroxide (0.14 g, 3.5î10�3 mol)
were dissolved in methanol (100 mL). The mixture was degassed and
then left to reflux overnight. The resultant white precipitate was collected
by centrifugation to yield 1a as a white crystalline solid (470 mg, 94%).
M.p. 312 8C; 1H NMR (300 MHz, CDCl3): d = 8.13 (d, 4J(H,H) =


1.4 Hz, 1H), 8.12 (d, 4J(H,H) = 1.7 Hz, 1H), 7.92±7.85 (m, 2H), 7.85±
7.75 (m, 2H), 7.62±7.31 (m, 8H), 7.32±7.20 (m, 1H), 7.10 (s, 1H), 7.07 (s,
1H), 7.03 ppm (s, 1H); the material was too insoluble for 13C NMR; MS
(EIMS): m/z : 426 [M]+ ; elemental analysis calcd (%) for C30H18O3


(426.48): C 84.48, H 4.26; found: C 84.57, H 4.31; lmaxabs[log e]=
305[4.82], 335[4.67], 349[4.60] nm; lmaxPL 362, 378 nm; FPL 0.94.


3b :[19] Triethylamine (23.3 mL, 16.9 g, 0.167 mol) was added to a solution
of 2-tert-butylphenol (10 g, 10.22 mL, 0.067 mol) in CH2Cl2 (600 mL) at
0 8C under nitrogen. After slow addition of a solution of iodine mono-
chloride (21.76 g, 0.134 mol) in CH2Cl2 (200 mL), the dark mixture was
stirred for 3.5 h at 0 8C and then quenched by addition of glacial acetic
acid (7.0 mL), saturated aqueous sodium thiosulfate solution (300 mL),
and water (1000 mL). The separated aqueous layer was extracted with
ethyl acetate (2î500 mL), the combined organic layers were washed
with brine (2î600 mL), dried (MgSO4), and the solvent was evaporated.
The dried product was chromatographed (silica, CH2Cl2/hexane 1:1) gave


3b, (23.35 g, 87%). 1H NMR (300 MHz, CDCl3): d = 7.80 (d, 4J(H,H) =


2 Hz, 1H), 7.47 (d, 4J(H,H) = 2 Hz, 1H), 5.51 (s, 1H), 1.36 ppm (s, 9H);
13C NMR (75 MHz, CDCl3): d = 153.17, 143.41, 139.63, 137.11, 90.47,
83.54, 36.01, 29.52 ppm; MS (GC EIMS): m/z : 402 [M]+ .


4b : Acetyl chloride (2.34 g, 2.12 mL, 2.98î10�2 mol) was added dropwise
to a solution of triethylamine (3.02 g, 4.16 mL, 2.98î10�2 mol), 3b (10 g,
0.025 mol), and DMAP (167 mg, 1.49î10�3 mol) in CH2Cl2 (190 mL) at
0 8C. The mixture was stirred for 1 h, washed with aqueous NH4Cl
(500 mL, 10% solution) and aqueous Na(CO3)2 (500 mL, 5% solution).
The organic layer was dried (MgSO4) and evaporated. The crude product
was chromatographed (silica, CH2Cl2/hexane 1:3) and then recrystallized
from a minimum volume of hot ethanol to yield a white crystalline solid
4b (9.9 g, 90%). 1H NMR (300 MHz, CDCl3): d = 8.02 (d, 4J(H,H) =


2 Hz, 1H), 7.64 (d, 4J(H,H) = 2 Hz, 1H), 2.38 (s, 3H), 1.30 ppm (s, 9H);
13C NMR (75 MHz, CDCl3): d = 168.73, 150.33, 146.07, 145.65, 137.44,
95.97, 91.88, 35.68, 30.68, 22.73 ppm; MS (EIMS): m/z : 444 [M]+ , 402
[M�Ac]+ .


5b : Aryl iodide 4b (7.8 g, 1.76î10�2 mol), palladium(ii) acetate (90 mg,
4.0î10�4 mol), copper(i) iodide (38 mg, 2.0î10�4), and triphenylphos-
phine (210 mg, 8.0î10�4 mol) were dissolved in triethylamine (50 mL),
and the mixture was degassed with two freeze±thaw cycles with nitrogen
saturation. Triisopropylsilylacetylene (3.2 g, 3.9 mL, 1.8î10�2 mol) was
added with a syringe and the mixture was degassed by boiling under re-
duced pressure and then flushing with nitrogen. After stirring the mixture
for 3 d at room temperature, hexanes were added and the triethylamine
hydrogen iodide was removed by filtration through celite. The filtrate
was evaporated and then chromatographed (silica, hexanes containing
2.5% ethyl acetate) to yield 5b as a white solid (4.68 g, 53%). 1H NMR
(300 MHz, CDCl3): d = 7.81 (d, 4J(H,H) = 2 Hz, 1H), 7.45 (d, 4J(H,H)
= 2 Hz, 1H), 2.38 (s, 3H), 1.32 (s, 9H), 1.12 ppm (s, 21H); 13C NMR
(75 MHz, CDCl3): d = 168.85, 150.34, 143.76, 141.30, 131.86, 123.29,
105.38, 94.25, 92.06, 35.55, 30.66, 22.72, 19.07, 11.67 ppm; MS (EIMS): m/
z : 498 [M]+ , 456 [M�Ac]+ .


6b : NaOH (0.56 g, 1.4î10�2 mol) was dissolved in methanol (2 mL) and
added to TIPS-protected acetylene 5b (7 g, 1.4î10�2 mol) dissolved in
THF (100 mL). The reaction mixture was left to stir overnight. Further
NaOH (0.56 g, 1.4î10�2 mol in methanol (2 mL)) was then added be-
cause thin-layer chromatography revealed a partial reaction. When the
reaction was complete, the base was neutralized with HCl (10% aque-
ous). The mixture was then thoroughly extracted with diethyl ether. The
organic fractions were dried over MgSO4, and then evaporated. The
phenol was collected as a colorless oil and carefully dried and then added
to potassium carbonate (2.93 g, 2.2î10�2 mol), DMAP (catalytic
amount), and [18]crown-6 (catalytic amount). THF (85 mL, dry and
oxygen-free) was then added with a syringe followed by di-tert-butyl di-
carbonate (3.52 g, 3.7 mL, 1.61î10�2 mol). The reaction was then left to
stir until no starting material was observed by TLC (1 h). The reaction
was quenched by the addition of brine and the resulting mixture extract-
ed with diethyl ether. The organic fractions were then dried over MgSO4


and evaporated. The pale yellow oil was chromatographed (silica,
CH2Cl2/hexanes 1:3) to yield 6b as a colorless oil (7.3 g, 82%). 1H NMR
(300 MHz, CDCl3): d = 7.81 (d, 4J(H,H) = 2 Hz, 1H), 7.43 (d, 4J(H,H)
= 2 Hz, 1H), 1.57 (s, 9H), 1.34 (s, 9H), 1.12 ppm (s, 21H); 13C NMR
(75 MHz, CDCl3): d = 150.36, 150.17, 143.82, 141.30, 131.79, 123.20,
105.45, 94.23, 91.96, 84.54, 35.64, 30.57, 28.19, 19.08, 11.68 ppm; MS (CI
MS): m/z : 574 [M+NH4]


+ .


7b : Aryl iodide 6b (1.9 g, 3.42î10�3 mol), palladium(ii) acetate (15.4 mg,
6.8î10�5 mol), copper(i) iodide (6.5 mg, 3.4î10�5 mol), and triphenyl-
phosphine (36 mg, 1.4î10�4 mol) were dissolved in triethylamine
(20 mL), and the resulting mixture was degassed with two freeze±thaw
cycles with nitrogen saturation. Phenylacetylene (384 mg, 413 mL, 3.8î
10�3 mol) was added with a syringe and the resulting solution was de-
gassed by boiling under reduced pressure and saturating with nitrogen.
The reaction mixture was heated to 70 8C for 6 h, before filtering through
celite. The celite was washed with hexanes and then the solvent was
evaporated. Chromatography (silica, CH2Cl2/hexanes 1:3) gave a color-
less oil (1.77 g, 98%), which was taken on to the next step without fur-
ther purification or characterization. This oil (1.5 g, 2.83î10�3 mol) was
dissolved in CH2Cl2, and TBAF (1m in THF, 3.11 mL, 3.11î10�3 mol)
was added. After stirring for 15 min at room temperature, the reaction
was quenched by the addition of calcium chloride and brine. The product
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was extracted with CH2Cl2, the organic fractions were dried over MgSO4,
and the solvent was evaporated. Chromatography (silica, CH2Cl2/hexanes
1:1) yielded 7b as a thick colorless oil (0.82 g, 77%). 1H NMR (300 MHz,
CDCl3): d = 7.57 (d, 4J(H,H) = 2 Hz, 1H), 7.54±7.51 (m, 2H), 7.49 (d,
4J(H,H) = 2 Hz, 1H), 7.36±7.32 (m, 3H), 3.06 (s, 1H), 1.54 (s, 9H),
1.38 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d = 151.24, 150.96,
142.88, 134.77, 132.13, 131.77, 129.02, 128.69, 123.21, 119.95, 119.88, 95.02,
84.31, 84.21, 83.14, 77.59, 35.23, 30.49, 28.03 ppm; MS (CI MS): m/z : 392
[M+NH4]


+ , 292 [M+NH4�tBOC]+ , 275 [M�tBOC]+ .


8b : See the preparation of 7b for experimental details. Quantities used:
6b (1.16 g, 2.1î10�3 mol), 7b (0.78 g, 2.1î10�3 mol), palladium(ii) acetate
(9.4 mg, 4.2î10�5 mol), copper(i) iodide (4 mg, 2.1î10�5 mol), triphenyl-
phosphine (22 mg, 8.4î10�5 mol), triethylamine (15 mL). Chromatogra-
phy (silica, CH2Cl2/hexanes 1:1) gave a colorless oil, which was dissolved
in CH2Cl2 (50 mL), and TBAF (2.1 mL, 1m in THF, 2.1î10�3 mol) was
added. The reaction was quenched by the addition of calcium chloride
and brine, the product was extracted with CH2Cl2, the organic fractions
were dried over MgSO4, and then the solvent was evaporated. Chroma-
tography (silica, CH2Cl2/hexanes 1:1) yielded 8b as a pale yellow oil
(1.29 g, 91%). 1H NMR (300 MHz, CDCl3): d = 7.61±7.49 (m, 6H),
7.36±7.33 (m, 3H), 3.06 (s, 1H), 1.48 (s, 9H), 1.46 (s, 9H), 1.39 (s, 9H),
1.38 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d = 151.27, 151.09,
150.98, 150.89, 142.93, 142.86, 134.77, 134.49, 132.11, 131.93, 131.20,
129.02, 128.71, 123.24, 120.65, 120.01, 119.87, 119.66, 95.02, 94.08, 84.37,
84.34, 84.21*, 83.08, 77.67, 35.31, 35.25, 30.55, 30.49, 28.08, 28.03 ppm;
MS (CI MS): m/z : 664 [M+NH4]


+ , 564 [M+NH4�tBOC]+ , 464
[M+NH4-2 tBOC]+ .


9b : See the preparation of 7b for experimental details. Quantities used
were as follows: carbonic acid tert-butyl ester 2-iodophenyl ester (0.54 g,
1.7î10�3 mol), 8b (1.1 g, 1.7î10�3 mol), palladium(ii) acetate (7.6 mg,
3.4î10�5 mol), copper(i) iodide (3.2 mg, 1.7î10�5 mol), triphenylphos-
phine (17.9 mg, 6.8î10�5 mol), triethylamine (10 mL). Chromatography
(silica, CH2Cl2/hexanes 1:1) gave 9b as a white foam (1.14 g, 80%). 1H
NMR (300 MHz, CDCl3): d = 7.62±7.51 (m, 7H), 7.40±7.34 (m, 4H),
7.27±7.19 (m, 2H), 1.54 (s, 9H), 1.49 (s, 9H), 1.46 (s, 9H), 1.39 ppm (s,
18H); 13C NMR (75 MHz, CDCl3): d = 152.10, 151.78, 151.08, 151.04,
150.96, 150.92, 142.90, 142.88, 134.45*, 133.43, 132.11, 131.29, 131.20,
130.08, 129.03, 128.71, 126.43, 123.25, 122.50, 120.92, 120.71, 119.89,
119.66, 117.79, 95.01, 94.04, 93.89, 84.49*, 84.38, 84.31, 84.25, 84.22,
35.30*, 30.55*, 28.12, 28.09, 28.04 ppm; MS (CI MS): m/z : 857
[M+NH4]


+ , 756 [M+NH4�tBOC]+ , 656 [M+NH4�2 tBOC]+ .


1b : Compound 9b (300 mg, 3.57î10�4 mol) was heated to 180 8C under
reduced pressure (0.02 mbar) until no further evolution of gas was ob-
served. The resultant yellow glass was dissolved in methanol (50 mL) and
NaOH (0.051 g, 1.28î10�3 mol) was added. The resultant mixture was re-
fluxed overnight to produced a precipitate which was collected by centri-
fugation and washed with methanol (3î50 mL). The white solid was
dried under reduced pressure (0.02 mbar, 70 8C). Yield of 1b (120 mg,
63%); m.p. 214 8C; 1H NMR (300 MHz, CDCl3): d = 7.98 (d, 4J(H,H) =


1.7 Hz, 1H), 7.96 (d, 4J(H,H) = 1.6 Hz, 1H), 7.92±7.89 (m, 2H), 7.74 (d,
4J(H,H) = 1.6 Hz, 1H), 7.70 (d, 4J(H,H)=1.6 Hz, 1H), 7.61±7.21 (m,
7H), 7.11 (s, 1H), 7.04 (s, 1H), 7.02 (s, 1H), 1.67 (s, 3H), 1.66 ppm (s,
3H); 13C NMR (75 MHz, CDCl3): d = 157.50, 157.35, 156.43, 155.25,
153.77, 153.66, 135.56, 135.32, 130.93, 130.77, 130.68, 130.00, 129.31*,
129.12, 125.94, 125.31, 124.19, 123.25, 121.06, 119.11, 118.73, 115.95,
115.90, 111.51, 101.79, 100.73, 100.68, 34.98, 34.93, 30.42, 30.31 ppm; MS
(EIMS): m/z : 538 [M]+ ; elemental analysis calcd (%) for C38H34O3


(426.48): C 84.72, H 6.37; found: C 84.69, H 6.27; lmaxabs[loge]=307
[4.88], 334 [4.71], 349[4.63] nm; lmaxPL 362, 378 nm; FPL 0.93.


Carbonic acid tert-butyl ester 2-iodophenyl ester: Di-tert-butyl dicarbon-
ate (5.4 g, 2.5î10�2 mol) was added to a mixture of 2-iodophenol (5 g,
2.3î10�2 mol), potassium carbonate (4.5 g, 3.4î10�2 mol), DMAP (cata-
lytic amount), and [18]crown-6 (catalytic amount) in THF (130 mL).
After stirring for 1 h at room temperature, the reaction appeared to be
complete by TLC. The reaction was quenched by the addition of brine,
and the resulting mixture was extracted with diethyl ether. The organic
fractions were then dried over MgSO4 and evaporated. The pale yellow
oil was chromatographed (silica, CH2Cl2/hexanes 1:3) to yield a colorless
oil (6.9 g, 95%). 1H NMR (300 MHz, CDCl3): d = 7.82 (dd, 4J(H,H) =


1, 3J(H,H) = 8 Hz, 1H), 7.36 (ddd, 4J(H,H) = 1, 3J(H,H) = 8, 3J(H,H)
= 8 Hz, 1H), 7.17 (dd, 4J(H,H) = 1, 3J(H,H) = 8 Hz, 1H), 6.97 (ddd,


4J(H,H) = 1, 3J(H,H) = 8, 3J(H,H) = 8 Hz, 1H), 1.58 ppm (s, 9H); 13C
NMR (75 MHz, CDCl3): d = 151.77, 151.36, 139.87, 129.94, 128.09,
123.25, 91.03, 84.58, 23.31 ppm; MS (CIMS): m/z : 338 [M+NH4]


+ .


3c :[20] 1-n-Hexyl-2-methoxybenzene (11 g, 5.7î10�2 mol) was dissolved in
CH2Cl2 (200 mL) and the mixture was degassed by boiling under reduced
pressure and then saturating with nitrogen twice. Boron tribromide
(21.5 g, 8.6î10�2 mol) was then added carefully with a syringe, and the
mixture was left to stir under nitrogen. When the reaction was complete,
the excess boron tribromide was quenched with methanol, and then
water. The aqueous layer was neutralized with NaOH and then extracted
with CH2Cl2. The CH2Cl2 fractions were combined, and the solvent was
evaporated to yield a pale brown oil, which was taken on to the next step
without further purification. To 2-n-hexylphenol (10 g, 5.6î10�2 mol) and
triethylamine (19.5 mL, 14.2 g, 0.14 mol) in CH2Cl2 (500 mL) at 0 8C
under nitrogen was added a solution of iodine monochloride (18.2 g,
0.11 mol) in CH2Cl2 (150 mL). The dark mixture was stirred for 3.5 h at
0 8C and then quenched by the addition of glacial acetic acid (6 mL),
saturated aqueous sodium thiosulfate solution (250 mL), and water
(800 mL). The separated aqueous layer was extracted with ethyl acetate
(2î400 mL), the combined organic layers were washed with brine (2î
500 mL), dried (MgSO4), and the solvent was evaporated. The dried
product was chromatographed (silica, CH2Cl2/hexanes 1:3) to yield the
white crystalline solid 3c (17.3 g, 72%). 1H NMR (300 MHz, CDCl3): d
= 7.75 (d, 4J(H,H) = 2 Hz, 1H), 7.36 (d, 4J(H,H) = 2 Hz, 1H), 5.27 (s,
1H), 2.7±2.5 (m, 2H), 1,6±1.5 (m, 2H), 1.4±1.2 (m, 6H), 1.0±0.8 ppm (m,
3H); 13C NMR (75 MHz, CDCl3): d = 153.03, 143.00, 139.59, 132.53,
87.82, 83.32, 32.06, 31.47, 29.76, 29.50, 23.00, 14.54 ppm; MS (GC EIMS):
m/z : 430 [M]+ .


4c : See the preparation of 4b for experimental details. Quantities used:
Acetyl chloride (3.28 g, 3.0 mL, 4.2î10�2 mol), triethylamine (4.22 g,
5.82 mL, 4.18î10�2 mol), 3c (15 g, 3.5î10�2 mol), dimethylaminopryri-
dine (234 mg, 2.08î10�3 mol), CH2Cl2 (250 mL) at 0 8C. The crude prod-
uct was chromatographed (silica, CH2Cl2/hexanes 1:1) and then recrystal-
lized from a minimum volume of hot ethanol to yield 4c (15.89 g, 85%).
1H NMR (300 MHz, CDCl3): d = 7.96 (d, 4J(H,H) = 2 Hz, 1H), 7.51 (d,
4J(H,H) = 2 Hz, 1H), 2.5±2.4 (m, 2H), 2.37 (s, 3H), 1.6±1.4 (m, 2H), 1.3
(br s, 6H), 0.9±0.8 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d =


168.49, 150.09, 144.82, 139.45, 139.13, 93.36, 91.65, 31.90, 31.34, 29.88,
29.43, 22.92, 21.50, 14.47 ppm; MS (GC EIMS): m/z : 472 [M]+ , 430
[M�Ac]+ .


5c : See the preparation of 5b for experimental details. Quantities used:
4c (7 g, 1.48î10�2 mol), palladium(ii) acetate (67 mg, 3.0î10�4 mol), cop-
per(i) iodide (28 mg, 1.5î10�4), triphenylphosphine (156 mg, 5.9î
10�4 mol), triethylamine (40 mL, freshly distilled over CaH2), triisopro-
pylsilylacetylene (2.7 g, 3.3 mL, 1.5î10�2 mol). The crude product mix-
ture was chromatographed (silica, hexanes containing 2.5% ethyl ace-
tate) to yield 5c as a white solid (5.4 g, 69%). 1H NMR (300 MHz,
CDCl3): d = 7.76 (d, 4J(H,H) = 2 Hz, 1H), 7.29 (d, 4J(H,H) = 2 Hz,
1H), 2.5±2.4 (m, 2H), 2.37 (s, 3H), 1.6±1.5 (m, 2H), 1.4±1.2 (m, 6H),
1.12 (s, 21H), 0.9±0.8 ppm (m, 3H); 13C NMR (75 MHz, CDCl3): d =


168.57, 150.07, 140.52, 136.80, 134.10, 123.69, 105.13, 92.20, 91.65, 31.92,
31.52, 29.97, 29.50, 22.94, 21.52, 19.05, 14.46, 11.66 ppm; MS (EIMS): m/
z : 526 [M]+ , 483 [M�Ac]+ .


6c : See the preparation of 6b for experimental details. Quantities used:
NaOH (0.38 g, 9.5î10�3 mol) in methanol (10 mL), 5c (5 g, 9.5î
10�3 mol), THF (100 mL). tert-Butyl carbonate formation: potassium car-
bonate (1.88 g, 1.36î10�2 mol), DMAP (catalytic amount), [18]crown-6
(catalytic amount), THF (50 mL, dry and oxygen free), di-tert-butyl dicar-
bonate (2.28 g, 2.4 mL, 1.04î10�2 mol). The crude reaction mixture was
chromatographed (silica, CH2Cl2/hexanes 1:3) to yield 6c as a colorless
oil (5.4 g, 97%). 1H NMR (300 MHz, CDCl3): d = 7.75 (d, 4J(H,H) =


2 Hz, 1H), 7.28 (d, 4J(H,H) = 2 Hz, 1H), 2.55±2.49 (m, 2H), 1.57 (s,
9H), 1.57±1.52 (m, 2H), 1.37±1.25 (m, 6H), 1.11 (s, 21H), 0.91±0.85 ppm
(m, 3H); 13C NMR (75 MHz, CDCl3): d = 150.61, 149.89, 140.56, 136.90,
134.23, 123.58, 105.13, 92.15, 91.69, 84.56, 31.95, 31.39, 30.09, 29.53, 28.09,
22.94, 19.06, 14.51, 11.65 ppm; MS (CIMS): m/z : 602 [M+NH4]


+ , 485
[M�tBOC]+ .


7c : See the preparation of 7b for experimental details. Quantities used
for the palladium-catalyzed coupling: 6c (2.0 g, 3.42î10�3 mol), palla-
dium(ii) acetate (15.4 mg, 6.8î10�5 mol), copper(i) iodide (6.5 mg, 3.4î
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10�5 mol), triphenylphosphine (36 mg, 1.4î10�4 mol), triethylamine
(20 mL, freshly distilled over CaH2), phenylacetylene (384 mg, 413 mL,
3.8î10�3 mol). For the TIPS deprotection: dichloromethane (100 mL),
TBAF (1m in THF, 3.42 mL, 3.42î10�3 mol). The crude reaction mixture
was chromatographed (silica, CH2Cl2/hexanes 1:1) to yield 7c as a thick
colorless oil (1.25 g, 91%). 1H NMR (300 MHz, CDCl3): d = 7.6±7.4 (m,
3H), 7.4±7.3 (m, 4H), 3.06 (s, 1H), 2.56 (t, 3J(H,H) = 7.6 Hz, 2H), 1.65±
1.5 (m, 2H), 1.49 (s, 9H), 1.2±1.4 (m, 6H), 0.89 ppm (t, J = 7 Hz, 3H);
13C NMR (75 MHz, CDCl3): d = 151.17, 150.54, 136.29, 134.45, 134.28,
132.10, 129.05, 128.71, 123.20, 120.30, 118.64, 95.02, 84.22, 83.96, 82.80,
77.78, 32.00, 30.44, 30.05, 29.43, 27.99, 22.93, 14.49 ppm; MS (CIMS): m/
z : 420 [M+NH4]


+ , 320 [M+NH4�tBOC]+ .


8c : See the preparation of 8b for experimental details. Quantities used:
6c (1.82 g, 3.1î10�3 mol), arylacetylene 7c (1.25 g, 3.1î10�3 mol), palla-
dium(ii) acetate (13.9 mg, 6.2î10�5 mol), copper(i) iodide (6 mg, 3.1î
10�5 mol), triphenylphosphine (33 mg, 1.2î10�4 mol), triethylamine
(20 mL, freshly distilled over CaH2). For the TIPS deprotection: CH2Cl2
(125 mL) and TBAF (3.1 mL, 1m in THF, 3.1î10�3 mol). Chromatogra-
phy of the crude reaction mixture (silica, CH2Cl2/hexanes 1:1) yielded 8c
as a pale yellow viscous oil (1.96 g, 90%). 1H NMR (300 MHz, CDCl3): d
= 7.60±7.55 (m, 1H), 7.55±7.45 (m, 3H), 7.40±7.30 (m, 5H), 3.06 (s, 1H),
2.50±2.64 (m, 4H), 1.65±1.45 (m, 4H), 1.40±1.25 (m, 12H), 0.95±0.80 ppm
(m, 6H); 13C NMR (75 MHz, CDCl3): d = 151.19, 151.14, 150.58, 150.40,
136.37, 136.29, 134.46, 134.39, 134.10, 133.72, 132.09, 129.05, 128.73,
123.23, 120.97, 120.35, 118.66, 118.39, 95.01, 93.79, 84.35, 84.23, 84.18,
83.99, 82.74, 77.63, 32.03, 32.00, 30.51, 30.44, 30.11, 30.05, 29.46, 29.43,
28.03, 28.00, 22.93*, 14.52* ppm.


9c : See the preparation of 9b for experimental details. Carbonic acid
tert-butyl ester 2-iodophenyl ester (0.89 g, 2.8î10�3 mol), 8c (2.0 g, 2.8î
10�3 mol), palladium(ii) acetate (12.5 mg, 5.6î10�5 mol), copper(i) iodide
(5.3 mg, 2.8î10�5 mol), triphenylphosphine (29.3 mg, 1.1î10�4 mol) tri-
ethylamine (16 mL, freshly distilled over CaH2). The crude reaction mix-
ture was chromatographed (silica, CH2Cl2/hexanes 1:1) to yield 9c as a
white foam (2.3 g, 92%). 1H NMR (300 MHz, CDCl3): d = 7.60±7.45 (m,
5H), 7.40±7.30 (m, 6H), 7.30±7.15 (m, 2H), 2.58 (m, 4H), 1.70±1.45 (m,
4H), 1.56 (s, 9H), 1.52 (s, 9H), 1.50 (s, 9H), 1.45±1.25 (m, 12H), 0.85±
0.95 ppm (m, 6H); 13C NMR (75 MHz, CDCl3): d = 152.14, 151.78,
151.19, 151.16, 150.39, 150.37, 136.33, 136.30, 134.06, 134.03, 133.86,
133.71, 133.37, 132.09, 131.98, 130.09, 129.05, 128.73, 126.42, 123.24,
122.51, 121.25, 121.02, 118.68, 118.39, 117.78, 95.01, 93.73, 93.69, 84.69,
84.30*, 84.25, 84.22, 84.01, 32.03*, 30.51*, 30.11, 30.10, 29.46, 28.11, 28.05,
28.00, 22.92*, 14.50* ppm; MS (APCI): m/z : 794 [M�tBOC]+ , 695
[M�2 tBOC]+ , 595 [M�3 tBOC]+ .


1c : See the preparation of 1b for experimental details. Quantities used:
9c (1.35 g, 1.51î10�3 mol). For the cyclization: methanol (50 mL) and
NaOH (0.23 g, 1.51î10�3 mol). Yield of 1c (0.52 g, 60%); m.p. 107 8C;
1H NMR (300 MHz, CDCl3): d = 7.96±7.89 (m, 4H), 7.62±7.46 (m, 6H),
7.39 (tt, 1H), 7.31±7.21 (m, 2H), 7.10 (s, 1H), 7.04 (s, 1H), 7.01 (s, 1H),
3.05 (m, 4H), 1.89 (m, 4H), 1.54±1.37 (m, 12H), 0.95±0.89 ppm (m, 6H);
13C NMR (75 MHz, CDCl3): d = 157.64, 157.31, 156.83, 155.20, 154.37,
154.24, 130.79, 130.04, 129.96, 129.76, 129.24, 129.11, 127.30, 127.10,
126.15, 126.09, 125.35, 124.17, 123.22, 122.20, 121.80, 121.03, 115.57,
115.33, 111.44, 102.08, 101.11, 100.64, 32.11, 32.10, 30.37, 30.34, 30.21*,
29.62*, 23.05*, 14.58, 14.55 ppm; MS (MALDI MS): m/z : 594 [M]+ ; ele-
mental analysis calcd (%) for C42H42O3 (594.84): C 84.80, H 7.13; found:
C 84.32, H 7.28; lmaxabs[loge]=309[4.88], 334[4.69],348[4.59] nm; lmaxPL


362, 378 nm; FPL 0.93.


11: Acetyl chloride (2.7 g, 2.5 mL, 3.5î10�2 mol) was added dropwise to
a solution of triethylamine (3.5 g, 4.8 mL, 3.5î10�2 mol), 10[21] (10 g,
2.9î10�2 mol) and dimethylaminopryridine (234 mg, 2.08î10�3 mol) in
CH2Cl2 (220 mL) at 0 8C. The mixture was stirred for 1 h, and then
washed with aqueous ammonium chloride (500 mL, 10% solution) and
aqueous sodium bicarbonate (500 mL, 5% solution). The organic layer
was dried (MgSO4) and evaporated. The crude product was chromato-
graphed (silica, hexane containing 5% ethyl acetate) and then recrystal-
lised from a minimum volume of hot hexane to yield 11 (10.9 g, 97%).
1H NMR (300 MHz, CDCl3): d = 7.52 (d, 3J(H,H) = 8 Hz, 1H), 7.43 (d,
4J(H,H) = 2 Hz, 1H), 7.30 (dd, 4J(H,H) = 2, 3J(H,H) 8 Hz, 1H) ,
2.36 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d = 168.66, 152.11,
140.87, 137.17, 132.50, 93.61, 90.76, 21.56 ppm; MS (GC EI MS): m/z : 388
[M]+ , 345 [M�Ac]+ .


12 : See the preparation of 5b for the general procedure. Quantities used:
acetic acid 2-iodo-5-methylphenyl ester (10 g, 2.58î10�2 mol), palladi-
um(ii) acetate (116 mg, 5.2î10�4 mol), copper(i) iodide (50 mg, 2.6î
10�4 mol), triphenylphosphine (262 mg, 1.0î10�3 mol), triethylamine
(60 mL), and triisopropylsilylacetylene (4.7 g, 5.78 mL, 2.58î10�2 mol).
Chromatography (silica, 5% ethyl acetate/hexanes) yielded 12 as a white
solid (5 g, 44%). 1H NMR (300 MHz, CDCl3): d = 8.2 (d, 3J(H,H) =


8 Hz, 1H), 7.18 (d, 4J(H,H) = 2 Hz, 1H), 7.06 (dd, 3J(H,H) = 8 Hz,
4J(H,H) = 2 Hz, 1H) 1.12 ppm (s, 21H); MS (GC EI MS): m/z : 442
[M]+ , 399 [M�Ac]+ .


13 : See the preparation of 6b for experimental details. Quantities used
for acetate deprotection: NaOH (0.45 g, 1.1î10�2 mol, in methanol
2 mL), 12 (5 g, 1.1î10�2 mol, in THF 75 mL). Quantities used for t-butyl
carbonate formation: THF (65 mL), potassium carbonate (2.45 g, 1.8î
10�2 mol), DMAP (catalytic amount), 18-crown-6 (catalytic amount), di-
tert-butyl dicarbonate (2.84 g, 1.3î10�2 mol). Chromatography (silica,
CH2Cl2/hexanes 1:3) gave a waxy solid that was recrystallized from pen-
tane to yield 13 (5.36 g, 95%). 1H NMR (300 MHz, CDCl3): d = 7.75 (d,
3J(H,H) = 8 Hz, 1H), 7.26 (d, 4J(H,H) = 2 Hz, 1H), 7.07 (dd, 3J(H,H)
= 8 Hz, 4J(H,H) = 2 Hz, 1H), 1.59 (s, 9H), 1.12 ppm (s, 21H); MS (ES+


MS): m/z : 523 [M+Na]+ , 539 [M+K]+ , 555 [M+Na+MeOH]+ .


14 : See the preparation of 7b for experimental details. Quantities used
for the coupling reaction: 13 (2.5 g, 5.0î10�3 mol), palladium(ii) acetate
(22.2 mg, 1.0î10�4 mol), copper(i) iodide (9.5 mg, 5.0î10�5 mol), triphe-
nylphosphine (53 mg, 2.0î10�4 mol), triethylamine (25 mL), phenylacety-
lene (572 mg, 615 mL, 5.6î10�3 mol). The product was chromatographed
(silica, CH2Cl2/hexanes 1:3). TIPS deprotection: CH2Cl2 (100 mL) TBAF
(1m in THF, 4.7 mL, 4.7î10�3 mol). Chromatography (silica, CH2Cl2/hex-
anes 2:1) followed by recrystallization from pentane yielded 14 as a pale
yellow waxy solid (1.4 g, 94%). 1H NMR (300 MHz, CDCl3): d = 7.56±
7.49 (m, 3H), 7.39±7.33 (m, 4H), 7.32 (d, 4J(H,H) = 2, 1H), 3.20 (s, 1H),
1.52 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): d = 151.52, 151.22,
133.00, 131.91, 129.90, 129.00, 128.56, 125.87, 123.44, 122.89, 118.69, 96.49,
84.30, 83.81, 82.52, 79.85, 27.84 ppm; MS (ES+ MS): m/z : 341 [M+Na]+ .


15 : See the preparation of 8b for experimental details. Quantities used:
14 (2.2 g, 4.4î10�3 mol), 13 (1.4 g, 4.4î10�3 mol), palladium(ii) acetate
(19.1 mg, 9.0î10�5 mol), copper(i) iodide (8.3 mg, 4.3î10�5 mol), triphe-
nylphosphine (45 mg, 1.7î10�4 mol), triethylamine (25 mL). Chromatog-
raphy (silica, CH2Cl2/hexanes 1:2) yielded the TIPS-protected acetylene.
TIPS deprotection: CH2Cl2 (100 mL) and TBAF (1m in THF, 3.54 mL,
3.54î10�3 mol). Chromatography (silica, CH2Cl2/hexanes 1:1) followed
by recrystallization from pentane yielded 15 as a waxy solid (1.9 g, 80%).
1H NMR (300 MHz, CDCl3): d = 7.64±7.57 (m, 4H), 7.41±7.32 (m, 7H),
3.22 (s, 1H), 1.53 ppm (s, 18H); 13C NMR (75 MHz, CDCl3): d =


151.66*, 151.64, 151.20, 133.06, 133.00, 131.92, 129.95, 129.37, 129.03,
128.59, 125.95, 125.43, 123.95, 123.94, 122.92, 118.55, 118.14, 96.72, 95.11,
86.29, 84.50, 84.28, 83.95, 82.45, 80.14, 27.85* ppm; MS (ES+ MS): m/z :
557 [M+Na]+ .


16 : See the preparation of 9b for experimental details. Quantities used:
Carbonic acid tert-butyl ester 2-iodophenyl ester (1.25 g, 3.91î10�3 mol),
15 (1.9 g, 3.55î10�3 mol), palladium(ii) acetate (17.8 mg, 8.0î10�5 mol),
copper(i) iodide (7.6 mg, 4î10�5 mol), triphenylphosphine (42 mg, 1.6î
10�4 mol), triethylamine (10 mL), pyridine (10 mL, freshly distilled over
CaH2). The reaction mixture was stirred at 70 8C overnight. Chromatog-
raphy (silica, CH2Cl2/hexanes 3:1) gave a mixture of the product and a
significant impurity which could be removed by repeated recrystallization
from chloroform/hexane. 16 was obtained as a bright yellow solid
(750 mg, 30%). 1H NMR (300 MHz, CDCl3): d = 7.60±7.50 (m, 5H),
7.45±7.34 (m, 8H), 7.24±7.18 (m, 2H), 1.52 ppm (s, 27H); 13C NMR
(75 MHz, CDCl3): d = 151.99, 151.74, 151.63, 151.52, 151.17*, 133.20,
133.04, 132.97, 131.90, 130.22, 129.35*, 129.01, 128.57, 126.25, 125.42,
125.39, 124.80, 123.99, 122.89, 122.34, 118.49, 117.66, 117.27, 96.70, 95.13,
93.28, 87.04, 86.49, 84.40, 84.26, 84.14, 83.95, 27.86, 27.83* ppm; MS (ES+


MS): m/z : 749 [M+Na]+ .


2 : Compound 16 (250 mg, 3.44î10�4 mol) was heated to 180 8C under re-
duced pressure (0.02 mbar) until no further evolution of gas was ob-
served. The resultant yellow glass was dissolved in methanol (35 mL)
containing NaOH (0.042 g, 1.03î10�3 mol), the resultant mixture was re-
fluxed overnight to produce a precipitate that was collected by centrifu-
gation. It was then washed with methanol (3î50 mL). The yellow solid
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was sublimed (0.05 mbar, 250 8C). Yield of 2 (103 mg, 71%); m.p. 300 8C;
1H NMR (300 MHz, CDCl3): d = 8.09±8.06 (m, 2H), 7.93±7.91 (m, 2H),
7.81±7.79 (m, 2H), 7.68±7.40 (m, 8H), 7.33±7.25 (m, 1H), 7.10 (s, 1H),
7.09 ppm (m, 2H); MS (ES+ MS): m/z : 875[2M+Na]+, 1301[3M+Na]+ ;
analysis calcd (%) for C30H18O3 (426.48): C 84.48, H 4.26; found C 84.57,
H 4.31; lmaxabs[loge]=378[4.81], 399[4.65] nm; lmaxPL 410, 435, 463 nm;
FPL 0.80.


Photophysical experiments : Thin films of the benzofuran trimers were
prepared by evaporation at 10�7 mbar onto fused silica. Solid-state PL
spectra were measured with an Edinburgh Instruments FS900CDT spec-
trofluorimeter.


OLED fabrication : ITO (indium tin oxide) on glass with a sheet resistivi-
ty of 20 W/square was obtained from Merck; it was cleaned by sonication
in Decon, followed by 2% NaOH solution, then it was washed with de-
ionized water and dried from isopropanol. The ITO on glass was then
patterned by etching into 2 mm-wide strips, and then cleaned again,
before depositing any organic layers. The metal cathodes (2 mm strips)
were evaporated normal to the ITO strips, thus defining 2 mmî2 mm
pixels. The luminance/current/voltage characteristics were measured by a
Topcon BM-7 luminance meter and a current/voltage measuring unit
(Keithley SM4236) under nitrogen. Electroluminescence spectra were
measured with an Edinburgh Instruments FS900CDT spectrofluorimeter.


Single-layer OLED ITO/PEDOT¥PSS/1b(120 nm)/LiF(7 nm)/Al : PE-
DOT¥PSS (BaytronP, Bayer) was spin coated onto ITO-glass. The result-
ing film was heated to 110 8C for 30 min under nitrogen, resulting in a
film about 50 nm thick. 1b was then evaporated at a rate of about
0.2 nms�1 onto the PEDOT.PSS at 10�7 mbar, followed by the LiF Al
cathode in a Pfeiffer PLS evaporator.


Bilayer OLED ITO/PEDOT.PSS/1b(60 nm)/OXD7(50 nm)/LiF(1.7 nm)/
Al : In this device OXD7 was evaporated on top of 1b.
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Dendronized Perylenetetracarboxdiimides with Peripheral Triphenylamines
for Intramolecular Energy and Electron Transfer


Jianqiang Qu,[a] Neil G. Pschirer,[a] Daojun Liu,[b] Alina Stefan,[b]


Frans C. De Schryver,[b] and Klaus M¸llen*[a]


Introduction


In recent years, there has been growing interest in under-
standing the photophysical and photochemical properties of
multicomponent dyads containing covalently linked electron
donors and acceptors, especially as an approach to artificial
photosynthesis.[1] Incorporation of rigid spacing units into
donor-linked acceptor molecular assemblies allows control
of the distance and angles between the donor and acceptor
sites, which govern the rate and efficiency of long-distance
photoinduced electron-transfer and charge-recombination
processes, which play important roles in potential applica-
tions such as photovoltaic and optoelectronic devices.[2]


Chromophores based on perylene-3,4,9,10-tetracarboxdi-
imides (PDI, 1) and derivatives thereof bearing substituents
in the 1,12- and 6,7-positions (the so-called bay regions) are
widely used as dyes and pigments in a variety of applications
due to their outstanding chemical, thermal, and photochemi-
cal stability,[3] for example, in paints, lacquers, reprographic
processes,[4] fluorescent solar collectors,[5] optical switches,[6]


and dye lasers.[7] The high electron mobilility[8] of PDI deriv-


atives was exploited by Friend, M¸llen et al.[9] in the fabrica-
tion of high-efficiency organic photovoltaic devices by using
a blend of electron-accepting PDI and a hole-accepting hex-
abenzocoronene. Gregg et al.[10] also reported solar cells
based on a polymer/PDI blend.


To investigate whether the large difference in forward and
backward electron-transfer rates in electron-donor/acceptor
composites is a molecular or materials property, we explored
photoinduced electron and energy transfer in molecular
dyads of electron donors covalently linked to PDI (accept-
or) through a rigid spacer. Redox-active triphenylamino
(TPA) groups, which are widely used as hole-transport (HT)
and electron-donor materials, were introduced into the bay
region of PDI. Since photoluminescence (PL) self-quench-
ing caused by aggregation,[11] can influence the investigation
of electron transfer from donor to acceptor, it would be ben-
eficial to encapsulate PDI within a ™protective∫ organic
matrix, effectively isolating the dye and preventing self-
quenching. Recently, we reported PDI derivatives bearing
highly soluble, three-dimensional, shape-persistent, thermal-
ly stable (>450 8C), and photochemically stable polyphenyl-
ene dendrimers (PPD)[12] on the imide ring, which showed
no aggregation in solution and high photoluminescence effi-
ciency.[13] A polyphenylene dendrimer was therefore selected
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Abstract: Novel perylene-3,4,9,10-tet-
racarboxdiimides (PDI) dyes function-
alized with polyphenylene dendrimers
attached at the bay region are report-
ed. Derivatives of PDI bearing poly-
phenylene dendrimers up to the second
generation, substituted with an increas-
ing number of triphenylamine (TPA)


moieties at the periphery, as well as a
related nondendronized model com-
pound were prepared. Intramolecular


energy transfer was demonstrated by
the observation of PDI emission on ex-
citation of the triphenylamines, and
electron transfer was detected by com-
paring photoluminescence quenching
in solvents of different polarity.


Keywords: cycloaddition ¥
dendrimers ¥ electron transfer ¥
energy transfer ¥ perylenes


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200304994 Chem. Eur. J. 2004, 10, 528 ± 537528


FULL PAPER







as spacer and rigid shell, with
the hole-transporting TPA moi-
eties located on the periphery
of the dendrimers. By using dif-
ferent solvents, it is possible to
address the effect of the polari-
ty of the medium on photoin-
duced charge separation and re-
combination.


Here we describe the synthe-
sis and characterization of tet-
rakis(4-ethynylphenoxy)peryle-
netetracarboxdiimide (5) as
core, and tetrakis[4-(diphenyl-
amino)phenoxy]perylenetetra-
carboxdiimide (12) as a non-
dendronized model compound.
Starting from this luminescent
core, first- and second-genera-
tion dendronized TPA-substi-
tuted PDI were prepared. We
report on their photophysical
properties in different solvents,
and we demonstrate that both
energy- and electron-transfer
reactions occur upon photoexci-
tation of TPA-PPD-PDI by
comparing the emission spectra
at different excitation wave-
lengths and photoluminescence
quantum yields in different
polar solvents. The degree of
discrimination between the
energy- and electron-transfer
processes strongly depends on
the polarity of the medium, and
we demonstrate complete energy transfer in nonpolar sol-
vents.


Results and Discussion


Synthesis of tetrakis(4-ethynyl-p-phenoxy)perylenetetracar-
boxdiimide (5) as the core molecule : The synthesis of the lu-
minescent core 5 is shown in Scheme 1. It starts from tetra-
chloroperylenetetracarboxdiimide 2, which is readily availa-
ble on a gram scale.[14] Phenoxylation of 1 with an excess of
iodophenol in 1-methyl-2-pyrrolidone (NMP) gives tetra-
phenoxyperylenetetracarboxdiimide 3 with four iodo groups.
The iodo group was chosen as it is optimal for attachment
of an alkynyl group in the next step. The temperature of
phenoxylation, however, is important, as deiodonation
occurs if the reaction temperature is higher than 100 8C; in
contrast, the yield decreases below 60 8C. The four iodo sub-
stituents were replaced by triisopropylsilylethynyl groups by
fourfold Hagihara±Sonogashira coupling in high yield.[15]


The reaction was carried out in THF/NEt3 (3/1) at room
temperature with a [PdPdCl2(PPh3)2]/CuI catalyst system.
Base and catalyst are easily removed by column chromatog-


raphy, and the desired product 4 is obtained in 91% yield as
a red solid. The tetraethynyl-substituted luminescent core
molecule 5 was obtained after cleavage of the trimethylsilyl
(TMS) groups with Bu4NF in distilled THF. The high solu-
bilities of 3, 4, and 5 in common organic solvents such as di-
chloromethane allows easy purification by column chroma-
tography and full characterization by standard spectroscopic
measurements.


Synthesis of nondendronized model compound 12 and den-
drimers 7 and 8 : The synthesis of model compound 1,6,7,12-
tetrakis[4-(diphenylamino)phenoxy]-N,N’-(2,6-diisopropyl-
phenyl)-perylene-3,4,9,10-tetracarboxdiimide (12) is shown
in Scheme 2. The four iodo substituents of 3 are easily re-
placed by diphenylamino groups in a fourfold Hartwig±
Buchwald amination due to their high reactivity.[16] Quanti-
tative conversion was obtained when the reaction was car-
ried out in a glove box. The yield is significantly lower and a
deiodinated byproduct is formed if the reaction is performed
outside of the glove box due to the high reactivity of tri-tert-
butylphosphane.


The most important step of the dendrimer synthesis is the
Diels±Alder cycloaddition, in which after extrusion of


Scheme 1. Synthesis of the core molecule 5 : a) 4-Iodophenol, NMP, K2CO3, 80 8C, 15 h, 85%; b) trimethylsilyl-
ethyne, [PdCl2(PPh3)2], CuI, THF/Et3N, RT, 15 h, 91%; c) nBu4NF, THF, RT, 30 min, 85%.
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carbon monoxide a new benzene ring is formed and penta-
phenylbenzene repeat units are obtained. The Diels±Alder
cycloaddition requires an aromatic ethyne and a cyclopenta-
dienone derivative. The synthesis of 3,4-bis[4-(diphenylami-
no)phenyl]-2,5-diphenylcyclopenta-2,4-dienone (11) as func-
tional cyclopentadienone derivative is shown in Scheme 3. It


starts from dibromocyclopentadienone 10, prepared by basic
condensation.[12a] Cyclopentadienone derivative 11 was then
obtained in high yield by Buchwald coupling, as described
above for 12. 3,4-Bis[4-(triisopropylsilylethynyl)phenyl]-2,5-
diphenylcyclopenta-2,4-dienone (9) contains two dienophile
functions and can be regarded as an A2B branching reagent,
as the sterically demanding triisopropylsilyl (TiPS) groups
protect the two ethynyl groups. After completion of the
Diels±Alder reaction with 9, the protecting groups can be
removed with Bu4NF to afford a first-generation dendrimer
with eight ethynyl groups as precursor for the second-gener-
ation dendrimer. In contrast, if the cyclopentadienone with
TPA functional groups 11 is used, triphenylamines can be at-
tached to the dendrimer at the periphery.


The syntheses of dendrimers 7 and 8 are shown in
Scheme 4. The first-generation dendrimer was formed by
Diels±Alder reaction of core molecule 5 with a sixfold
excess of cyclopentadienone 11 in m-xylene at 140 8C. Using
m-xylene as solvent has the advantage that the product is
easily isolated by precipitation with methanol. After filtra-
tion, the mixture of product 7 and excess 11 was obtained as
a dark red powder. Compound 7 was isolated by column
chromatography. To build up the second-generation den-
drimer, A2B building block 9 was employed. Diels±Alder re-
action of core 5 with 9 afforded the first-generation den-


drimer 6a with eight TiPS-protected ethynyl groups. After
facile deprotection of 6a with Bu4NF, compound 6b was ob-
tained, which is easily purified by washing with methanol.
First-generation ethynyl-bearing dendrimer 6b was then
treated with 12 equivalents of 11 to give second-generation
dendritic chromophore 8 containing 16 triphenylamino
groups in a yield of 79% after column chromatography.


The functionalized dendritic structures 7 and 8, as well as
TiPS-protected first-generation dendrimer 6a and octa-
ethynyl-substituted unprotected first-generation dendrimer
6b, are all highly soluble in common solvents such as di-
chloromethane, toluene, and THF. Characterization by
MALDI-TOF mass spectrometry, elemental anaylsis, and 1H
and 13C NMR spectroscopy is therefore easily accomplished.
Experimentally determined and calculated m/z ratios agree
perfectly for 6a, 6b, 7, and 8 within the range of accuracy of
the instrument. The signals obtained for these macromole-
cules not only show the [M]+ peaks but also confirm their
monodispersity (see Experimental Section). Moreover,
MALDI-TOF MS measurements allow the detection of po-
tential growth imperfections resulting from ethynyl groups
that did not react during the Diels±Alder reaction with
building blocks 9 and 11. Therefore, MALDI-TOF MS was
used both for the characterization of the monodisperse den-
dritic macromolecules described herein as well as for moni-
toring dendrimer growth, especially for the synthesis of
second-generation dendrimer 8, which requires a longer re-
action time. As an example, the MALDI-TOF spectrum of 8
(Figure 1) clearly demonstrates the monodispersity of this
compound.


Characterization of dendrimers 7, 8 and their precursors
by 1H NMR spectroscopy was performed in tetrachloro-
ethane or dichloromethane due to their good solubility in
these solvents. Well-separated and assignable signals of non-
dendronized intermediates and the model compound 12
were obtained. The TiPS groups of 6a and the ethynyl pro-
tons of 6b are clearly assignable. Dendrimers 7 and 8 also
show well-separated signals (Figure 2) for the aromatic pery-
lene protons and for the aliphatic protons of the CH and
(CH3)2 groups on the imide structure. Most of the protons
of triphenylamino groups and dendrons are located together
between 6.4 and 7.2 ppm, but in the first generation, a single
peak for the dendron can be distinguished, which corre-
sponds to the only proton on the central benzene ring of the
pentaphenylbenzene unit (Figure 2). In addition, the intensi-
ty ratios between all separated peaks and the absorptions of
the aromatic region agree perfectly with the theoretically
expected values. All dendrimers should exhibit a high
degree of symmetry, but 13C NMR resonances of the poly-
phenylene dendrons could not be assigned completely be-
cause of the many overlapping signals, and some of the reso-
nances of the core carbon atoms are too weak to be detect-
ed for the second-generation dendrimer.


Visualization and simulation : The structure of the perylene
core was optimized by using the semiempirical PM3
method, and the dendrons decorated with TPAs from the
first and second generation were minimized separately by
using MM2 (MM+ ) force-field geometry optimization as


Scheme 2. Synthesis of model compond 12 : [Pd2(dba)3], tBu3P, tBuONa,
toluene, RT, 1 h, 98%.


Scheme 3. Synthesis of building block 11: [Pd2(dba)3], tBu3P, tBuONa,
toluene, RT, 1 h, 91%.
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Scheme 4. Synthesis of first-generation dendrimer 7 and second-generation dendrimer 8 : a) 6 equiv 11, m-xylene, 140 8C, 15 h, 84%; b) i) 6 equiv 9,
m-xylene, 140 8C, 15 h, 89%; ii) 16 equiv nBu4NF, THF, RT, 30 min, 80%; c) 12 equiv 11, m-xylene, 150 8C, 48 h, 79%.


Figure 1. MALDI-TOF mass spectrum of second-generation dendrimer 8 (m/z : 8311 [M]+ , dithranol matrix).
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implemented in HyperChem 6.0
(Hypercube Inc.). Furthermore,
the whole dendritic system was
optimized by combining four
first- and second-generation
dendrons with the perylene
core and minimizing the whole
system. The nondendronized
model compound 12 was ob-
tained similarly by connecting
four TPAs with the minimized
perylene core and subsequent
geometry optimization of the
entire molecule. As shown in
Figure 3, the two naphthalene
rings of 12, 7, and 8 are strongly
twisted at the bay positions
with a torsional angle of around
288 between the two naphtha-
lene units, which is in good
agreement with the calculated
structure[13] and crystal struc-
ture of a similar molecule.[17] In
the simulated structure of
model compound 12, the phen-
oxy groups are nearly perpen-
dicular to the perylene ring.
The same considerations of tor-
sion angles hold for the den-
drimers (not shown in
Figure 3). Molecular modeling
shows that dendrimers 7 and 8
are three-dimensional struc-
tures, and the chromophores
are surrounded by dendritic


shells with TPAs at the periph-
ery. The size of the compounds
increases with increasing den-
drimer generation; the diame-
ter is 3.7 nm for the first gener-
ation, and 5.3 nm for the
second. Clearly, the perylene
core is shielded by the den-
drons, so that self-aggregation
of perylene units is prohibited.
The TPAs at the periphery
have various torsional angles
relative to PDI. In this case, the
simulation of the series of com-
pounds 12, 7,and 8 is a good ap-
proximation of the three-di-
mensional structures.


Steady-state spectroscopy: Den-
drimers 7 and 8 are soluble in
various solvents such as methyl-
cyclohexane, toluene, and THF.
Their absorption spectra in
methylcyclohexane, together


Figure 2. 1H NMR spectrum of the first-generation dendrimer 7 at 300 K (500 MHz, CD2Cl4).


Figure 3. Visualization of nondendronized model compound 12 (top), first-generation dendrimer 7 (bottom
left), and second-generation dendrimer 8 (bottom right).
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with those of dendrimers 7* and 8* (Figure 4)[18] with the
same PDI core but without the peripheral TPA groups as
model compounds for investigating optical properties of


dendrimers 7 and 8, are shown in Figure 5. The absorption
spectra of dendrimers 7 and 8 exhibit three absorption re-
gions. Between 480 and 600 nm the absorption reflects the
S0±S1 electronic transition of PDI along the long axis. An


additional peak between 400 and 460 nm corresponds to the
S0±S2 transition, for which the transition dipole moment is
along the short axis. The absorption between 300 and
380 nm is mainly due to the polyphenylene dendrons and
the TPA groups.[19] The difference in absorption in this
region between 7, 8 and 7*, 8* is due to the presence of
TPA. Figure 5 shows that the contribution of TPA to the ab-
sorption almost doubles with increasing generations, and
this reflects the corresponding change in the number of TPA
moieties at the dendrimer periphery.


The absorption and normalized emission spectra of den-
drimers 7 and 8 when excited at the PDI core, measured in
solvents of different polarity such as methylcyclohexane
(MCH, e=2.02[20]), toluene (TOL, e=2.38), and tetrahydro-
furan (THF, e=7.58), are shown in Figure 6. Both dendrim-
ers display similar absorption and emission bands, independ-
ent of the dendrimer generation or the solvent. However,
the absorption and normalized emission spectra exhibit
slight bathochromic shifts in polar solvents. The excitation
spectra are identical to the absorption spectra (not shown in
the figure).


The fluorescence quantum yields of dendrimers 7 and 8
(excited at 540 nm) and model compounds 7* and 8* were


Figure 4. Model compounds without the functional group: first-genera-
tion dendrimer 7* and second-generation dendrimer 8*.


Figure 5. Absorption spectra of the first-generation dendrimer 7 (g),
the second-generation dendrimer 8 (d), and their model compounds
7* (c) and 8* (b) in methylcyclohexane. The spectra are normalized
at the PDI absorption maximum.


Figure 6. Normalized absorption and emission spectra (excitation at
530 nm) of the first-generation dendrimer 7 (A) and the second-genera-
tion dendrimer 8 (B) in methylcyclohexane (c), toluene (b) and
THF (g).
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measured in different solvents with cresyl violet as reference
and are listed in Table 1.[21] The presence of TPA at the pe-
riphery of dendronized perylenetetracarboxdiimides dramat-
ically quenches the fluorescence of the PDI core in polar
solvents such as THF. The fluorescence quenching can be
explained by efficient intramolecular electron transfer in-
duced by excitation of the electron acceptor PDI. To obtain
experimental proof of this phenomenon, femtosecond transi-
ent absorption spectroscopy is presently being performed on
these systems, and preliminary results indicate the presence
of a broad absorption band above 700 nm that belongs to
the anion of perylenetetracarboxdiimide. A full account of
these results will be published elsewhere. In nonpolar sol-
vents such as methylcyclohexane, only a slight decrease in
quantum yield (540 nm excitation wavelength) was observed
for dendrimer 8 relative to model compound 8*, and this in-
dicates an absence or very low efficiency of intramolecular
electron transfer. Earlier reports on intramolecular electron
transfer in donor±spacer±acceptor dyads also demonstrated
the dependence of the rate of electron transfer on the die-
lectric constant of the solvent.[22] The intramolecular elec-
tron transfer efficiency is also dependent on the dendrimer
generation (or the average distance between the electron
donor and acceptor), as can be clearly seen in Table 1. Par-
ticularly in the case of toluene, an appreciable difference
was observed for the quantum yields of dendrimers 7 and 8,
while 7* and 8* have the same quantum yield. For the first-
generation dendrimer 7, in which the distance between the
electron donor and the electron acceptor is shorter, more ef-
ficient intramolecular electron transfer was observed, even
in methylcyclohexane.


To investigate the possibility that energy transfer com-
petes with electron transfer in these systems, 7 and 8 were
also excited in the same solvents at 360 nm. The excitation
wavelength of 360 nm was chosen on the basis of the ab-
sorption spectra in Figure 5, so that TPA can be selectively
excited. The fluorescence emission spectra of dendrimers 7
and 8 in different solvents, normalized to the same optical
density at 360 nm, are shown in Figure 7. Interestingly, the
excitation of TPA in both 7 and 8 gives rise to a strong emis-
sion from the PDI core and no TPA emission in nonpolar
methylcyclohexane. Compared to the emission intensity of 7
and 8 excited at 567 nm in methylcyclohexane (direct exci-
tion of the PDI core), a decrease to 65% was observed
when they are excited at 360 nm for identical optical density
(Figure 7). The values of the quantum yield also decrease in
the same ratio when 7 and 8 are excited at the same wave-
length (Table 2).


Time-resolved measurements on 8 excited at 360 nm in
methylcyclohexane indicate the presence of a rise compo-


nent of 42 ps. This component does not appear in the analy-
sis of the decay histograms obtained by excitation at 543 nm
(direct excitation of PDI chromophore) of the same com-
pound in the same solvent. All of these data point to a very
efficient energy transfer process followed by electron trans-
fer in methylcyclohexane. The higher rate of electron trans-
fer for 7 and 8 in methylcyclohexane with excitation at
360 nm can be understood by the more exothermic process
at this excitation wavelength. The negligible fluorescence
emission from the PDI core observed in THF solution from


Figure 7. Fluorescence emission spectra of the first-generation dendrimer
7 (A) and the second-generation dendrimer 8 (B) in methylcyclohexane
(c), toluene (a) and THF (g). The spectra are normalized to the
same absorbance at the excitation wavelength 360 nm. The emission
spectra (d) of dendrimers 7 and 8 in methylcyclohexane excited
around the PDI absorption maximum at the same absorbance are also
shown.


Table 1. Photoluminescence quantum yield (FPL) in polar and nonpolar
solvents at room temperature (reference chromophore: Cresyl Violet, ex-
citation at 540 nm)


Solvent 7 8 7* 8*


methylcyclohexane 0.77 0.83 0.96 0.93
toluene 0.14 0.55 0.92 0.91
THF 0.001 0.02 0.77 0.76


Table 2. Fluorescence quantum yield at room temperature (reference
compounds: perylene for 7 and 8, excitation 360 nm; quinine sulfite for
TPA, excitation 290 nm).


Solvent 7 8 TPA


methylcyclohexane 0.46 0.54 0.13
toluene 0.06 0.22 0.105
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both 7 and 8 indicates the dominance of electron transfer.
Excitation at 360 nm of 7 and 8 in toluene results in exten-
sive quenching of electron transfer in 7 and enhanced elec-
tron transfer in 8, which is also proved by the lower quan-
tum yield compared with the values obtained on excitation
at 540 nm (Tables 1 and ). Since we have multiple donors
and only one acceptor, and different distances between the
donors and the acceptor, detailed quantitative analysis at
the ensemble level of this system is not feasible. At the
single-molecule level, however, compound 8 could be ana-
lyzed in a polystyrene matrix and showed, for a fraction of
molecules, forward and backward electron transfer.[23]


Conclusion


We have presented the synthesis of polyphenylene dendron-
ized perylenetetracarboxdiimides bearing peripheral triphe-
nylamino groups. Due to the shape-persistent properties of
polyphenylene dendrons, the distance between the PDI core
and TPA is well defined. Intramolecular electron and
energy transfer in these donor±spacer±acceptor systems was
confirmed by steady-state spectroscopy by exciting the ac-
ceptor and the donor in solvents with various polarities.
While intramolecular energy transfer dominates in nonpolar
solvents, intramolecular electron transfer suppresses energy
transfer efficiently and becomes the dominant process in
polar solvents. Furthermore, intramolecular electron transfer
becomes more significant with decreasing dendrimer genera-
tion, that is, with shorter distance between TPA donor and
PDI acceptor.


Experimental Section


Materials : THF (Fluka) was distilled over sodium/benzophenone. Bu4NF
(Fluka), [PdPdCl2(PPh3)2] (Strem), trimethylsilylethyne (Aldrich), cop-
per(i) iodide, p-iodophenol (Avocado), m-xylene (Aldrich), sodium tert-
butyloxide (Aldrich), tBu3P (Aldrich), [Pd2(dba)3] (Aldrich, dba=diben-
zylideneacetone) were used as obtained from commercial sources.
Column chromatography was performed with dichloromethane (chroma-
solv, Riedel) or toluene on silica gel (Geduran Si60, Merck). All yields
are for isolated compounds.


Physical and analytical methods : 1H and 13C NMR spectra were recorded
on Bruker AMX 250 and AC 300 spectrometers by using the residual
proton signals of the solvent or the carbon signal of the deuterated sol-
vent as the internal standard. Chemical shifts are reported in parts per
million. IR spectra were obtained on a Nicolet FT-IR 320. For 13C j-
modulated spin-echo NMR measurements, the abbreviations q and t rep-
resent quaternary C atoms and CH2, and CH3 and CH groups, respective-
ly. FD mass spectra were performed with a VG-Instruments ZAB 2-SE-
FDP. MALDI-TOF mass spectra were measured with a Bruker Reflex II
with THF and dithranol as matrix (molar ratio dithranol/sample 250/1).
The mass peaks with the lowest isotopic mass are reported. UV/Vis ab-
sorption spectra were recorded on a Perkin Elmer Lambda 9 spectropho-
tometer, and photoluminescence spectra on a SPEX Fluorolog 2 spec-
trometer. The correction for the wavelength-dependent intensity of the
excitation source was performed by using the rhodamine quantum coun-
ter. The elemental analyses were carried out by the Microanalytical Lab-
oratory of the Universit‰t Mainz (Germany).


1,6,7,12-Tetrakis(4-iodophenoxy)-N,N’-(2,6-diisopropylphenyl)perylene-
3,4,9,10-tetracarboxdiimide (3): Tetrachloroperylenetetracarboxdiimide 2
(5.0 g, 5.9 mmol) was stirred with p-iodophenol (8.0 g, 36 mmol) in NMP


(300 mL) at 80 8C in a 500 mL flask in the presence of powdered anhy-
drous K2CO3 (2.5 g, 18 mmol) under argon. The temperature was kept at
80 8C overnight. The reaction mixture was cooled to room temperature
and poured into hydrochloric acid (800 mL, 2n). The precipitated prod-
uct was filtered under suction, washed three times with water (100 mL),
and dried at 75 8C under vacuum. The crude product was purified by
column chromography (eluent: CH2Cl2, Rf=0.95) to give red solid 3
(7.9 g, 85%). M.p. 381.4 8C; 1H NMR (250 MHz, C2D2Cl4, 300 K): d=


8.12 (s, 4H), 7.54 (d, J=8.7 Hz, 8H), 7.36 (t, J=8.0 Hz, 2H), 7.20 (d, J=
8.0 Hz, 4H), 6.68 (d, J=8.8 Hz, 8H), 2.59 (m, 4H), 1.04 ppm (d, J=
6.7 Hz, 24H); 13C NMR (60 MHz, C2D2Cl4, 300 K): d=164.5 (C=O),
156.5, 156.3, 146.6, 140.3, 134.3, 131.4, 130.6, 125.2, 124.2, 123.1, 121.9,
121.8, 121.6, 89.5 (CI), 30.2 (CH isopropyl), 25.4 ppm (CH3 isopropyl);
IR (KBr): ñ=2960, 2867, 2361, 2336, 1706, 1671, 1592, 1508, 1478, 1408,
1339, 1310, 1281, 1201, 1006, 873, 673, 526 cm�1; UV/Vis (chloroform):
lmax (e)=573 (51824), 536 (32471), 455 nm (19630m�1 cm�1); photolumi-
nescence spectrum (chloroform): lmax=610 nm; FD MS (8 kV): m/z :
1581.7 (100%) [M]+ (calcd 1582.3); elemental analysis (%) calcd for
C72H54I4N2O8: C 54.63, H 3.44, N 1.77; found: C 54.25, H 3.71, N 1.63.


1,6,7,12-Tetrakis[4-(trimethylsilylethynyl)phenoxy-N,N’-(2,6-diisopropyl-
phenyl)perylene-3,4,9,10-tetracarboxdiimide (4): Compound 3 (5.0 g,
3.1 mmol) was dissolved in a degassed mixture of triethylamine (50 mL)
and absolute THF (150 mL) under argon. [PdCl2(PPh3)2] (180 mg, 2
mol%), CuI (240 mg, 10 mol%), and PPh3 were then added under a flow
of argon. After the flask was sealed with a septum, trimethylsilylethyne
(1.80 g, 18.6 mmol) was injected. The reaction mixture was stirred at
room temperature overnight, and then poured into an equal volume of
dichloromethane and filtered. Hydrochloric acid (6m) was carefully
added to the filtrate until the aqueous phase became slightly acidic
(pH<5). Then the organic phase was removed, washed twice with distil-
led water, extracted with a saturated solution of ammonium chloride,
washed again several times with distilled water, and dried over magnesi-
um sulfate. The solvent was removed under reduced pressure, and the
crude product purified by column chromatography on silica gel to afford
4 (4.2 g, 91%). M.p. >400 8C; 1H NMR (250 MHz, C2D2Cl4, 300 K): d=
8.06 (s, 4H), 7.38 (m, 10H), 7.20 (t, J=8.0 Hz, 2H), 6.85 (d, J=8.5 Hz,
8H), 2.58 (m, 4H), 1.04 (d, J=6.7 Hz, 24H), 0.16 ppm (s, 48H);
13C NMR (60 MHz, C2D2Cl4, 300 K): d=163.4 (C=O), 156.0, 155.7, 146.3,
134.1, 133.3, 131.2, 129.9, 124.4, 123.6, 121.4, 121.3, 121.2, 120.0, 119.9,
104.3, 94.7, 29.5, 24.1, 0.0 ppm (CH3Si); IR (KBr): ñ=2960, 2361, 2159,
1708, 1674, 1591, 1498, 1405, 1339, 1280, 1205, 864, 759, 546 cm�1; UV/Vis
(chloroform): lmax (e)=574 (45278), 536 (28290), 458 nm
(18907m�1 cm�1); photoluminescence spectrum (chloroform): lmax=


608 nm (excitation 540 nm); FD MS (8 kV): m/z : 1462.5 (100%) [M]+


(calcd 1464.0); elemental analysis (%) calcd for C92H90N2O8Si4: 75.47, H
6.20, N 1.91; found: C 75.08, H 6.36, N 1.84.


1,6,7,12-Tetrakis(4-ethynylphenoxy)-N,N’-(2,6-diisopropylphenyl)pery-
lene-3,4,9,10-tetracarboxdiimide (5): Compound 4 (1.0 g, 0.68 mmol) was
dissolved in THF (50 mL) under argon. A solution of nBuNF (1.7 g,
5.4 mmol) in THF was added by injection. The mixture was stirred for
30 min at room temperature. The solution was diluted with dichlorome-
thane (200 mL) and then extracted with hydrochloric acid (100 mL, 6m).
The organic phase was removed, washed with distilled water (100 mL),
and dried over magnesium sulfate. The solvents were removed in
vacuum, and the crude product was purified by column chromatography
on silica gel (eluent: CH2Cl2, Rf=0.90) to give red solid 5 (677 mg,
85%). M.p. >400 8C; 1H NMR (300 MHz, THF, 300 K): d=8.24 (s, 4H),
7.45 (d, J=8.8 Hz, 8H), 7.38 (t, J=8.0 Hz, 2H), 7.26 (d, J=8.8 Hz, 8H),
3.54 (s, 4H), 2.73 (m, 4H; CH isopropyl), 1.09 ppm (d, 24H, J=6.8 Hz;
CH3 isopropyl);


13C NMR (75 MHz, THF, 300 K): d=163.8 (C=O), 157.3,
156.6, 147.1, 135.2, 134.4, 132.3, 130.4, 125.1, 124.8, 122.3, 122.1, 122.0,
120.8, 120.3, 83.8 (C ethynyl), 79.3 (CH ethynyl), 30.4 (CH isopropyl),
24.7 ppm (CH3 isopropyl); IR (KBr): ñ=3296, 3073, 2963, 2923, 2871,
2361, 2336, 1708, 1672, 1591, 1497, 1407, 1338, 1308, 1281, 1205, 876, 671,
554 cm�1; UV/Vis (chloroform): lmax (e)=573 (51358), 536 (32653),
455 nm (20179m�1 cm�1); photoluminescence spectrum (chloroform):
lmax=600 nm (excitation 540 nm); FD MS (8 kV): m/z : 1175 (100%)
[M]+ (calcd 1175.0); elemental analysis (%) calcd for C80H58N2O8, 81.75,
H 4.97, N 2.38; found: C 80.80, H 4.89, N 2.19.


First-generation dendrimer bearing 8 triisopropylsilylethynyl groups (6a):
A mixture of 5 (200 mg, 0.17 mmol) and 9 (720 mg, 1.0 mmol) in m-
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xylene (5 mL) was stirred at 140 8C for 15 h under argon. The cooled re-
action mixture was added to 100 mL of methanol. The precipitated prod-
uct was filtered under suction and reprecipitated several times in metha-
nol until the red color of 9 disappeared. Finally, the product was dried
under vacuum and purified by column chromatography on silica gel
(eluent: CH2Cl2 Rf=0.95) to give red solid 6a (610 mg, 89%). M.p. >


400 8C; 1H NMR (250 MHz, CD2Cl2, 300 K): d=8.11 (s, 4H), 7.49 (s,
4H), 7.35 (t, J=7.9 Hz, 2H), 7.22 (d, J=8.4 Hz, 4H), 7.8±6.65 (m,
116H), 2.63 (m, 4H), 1.18 (s, J=6.7 Hz, 24H; TiPS CH isopropyl),
1.00 ppm (m, 168H); 13C NMR (75 MHz, C2C2Cl4, 300 K): d=163.4 (q,
C=O), 156.1 (q), 154.0 (q), 145.7 (q), 141.5 (q), 141.0 (q), 140.8(q), 140.6
(q), 140.3 (q), 140.2 (q), 139.7 (q), 139.2 (q), 138.6 (q), 138.1 (q), 133.1
(q), 132.8(t), 131.5 (t), 131.2 (t), 130.9 (t), 130.2 (t), 129.8 (t), 129.5 (t),
128.8 (t), 128.5 (t), 128.1 (t), 127.4 (t), 126.6 (t), 126.4 (t), 122.9 (q), 120.9
(q), 120.8 (q), 120.5 (q), 119.5 (t), 107.5 (q), 90.5 (q), 29.3 (t; CH isopro-
pyl), 24.5 (p; CH3 isopropyl), 18.9 (p; SiCH3 isopropyl), 11.6 ppm (t; Si-
CH isopropyl); IR (KBr): ñ=3031, 2941, 2892, 2864, 2362, 2152, 1709,
1675, 1591, 1501, 1462, 1404, 1336, 1306, 1279, 1206, 1171, 1105, 1072,
1015, 994, 916, 881, 836, 759, 672, 562 cm�1; UV/Vis (chloroform): lmax


(e)=584 (45287), 543 (27428), 466 nm (21325m�1 cm�1); photolumines-
cence spectrum (chloroform): lmax=610 nm (excitation 540 nm);
MALDI-TOF MS: m/z : 4041 (100%) [M]+ (calcd 4044); elemental anal-
ysis (%) calcd for C280H298N2O8Si8: 83.16, H 7.43, N 0.69; found: C 82.47,
H 7.07, N 0.64.


First-generation dendrimer bearing 8 ethynyl groups (6b): Trialkylsilyl
derivative 6a (600 mg, 0.15 mmol) was dissolved in THF (20 mL) under
argon. A solution of nBu4F in THF (750 mg, 2.4 mmol, 1.0m) was inject-
ed slowly into the flask. The mixture was stirred for 30 min at room tem-
perature. After most of the THF was removed under vacuum to give a
red solid, methanol (100 mL) was added to the solution to give a precipi-
tate, which was collected by filtration and washed three times with meth-
anol (100 mL). The product 6b was dried under vacuum (340 mg, 80%).
M.p. >400 8C; 1H NMR (250 MHz, CD2Cl2, 300 K): d=8.13 (s, 4H), 7.58
(s, 4H), 7.93 (t, J=7.8 Hz, 2H), 7.32 (d, J=8.5 Hz, 4H), 7.14±6.65 (m,
88H), 3.03 (s, 4H), 3.01 (s, 4H), 2.68 (m, 4H), 1.09 ppm (d, J=6.6 Hz,
24H); 13C NMR (75 MHz, C2D2Cl4, 300 K): d=163.4 (q, C=O), 156.1 (q),
154.1 (q), 145.6 (q), 141.3 (q), 141.0 (q), 140.9 (q), 140.7 (q), 140.2 (q),
139.6 (q), 139.1 (q), 138.4 (q), 138.0 (q), 133.1 (q), 131.7 (t), 131.3 (t),
131.0 (t), 130.6 (q), 130.2 (t), 128.1 (t), 127.6 (t), 126.8(t), 126.2 (t), 122.9
(q), 120.9 (q), 120.4 (q), 119.5 (t), 119.2 (q), 118.8 (q), 84.4 (q), 77.5 (q),
29.3 (t; CH isopropyl), 24.5 ppm (p; CH3 isopropyl); IR (KBr): ñ=3294,
3030, 2963, 2927, 2869, 2361, 2336, 2106, 1708, 1673, 1591, 1501, 1440,
1404, 1336, 1307, 1279, 1205, 1170, 1105, 1016, 842, 700, 651, 558 cm�1;
UV/Vis (chloroform): lmax (e)=583 (51645), 543 (31123), 462 nm
(24006m�1 cm�1); photoluminescence spectrum (chloroform): lmax=


610 nm (excitation 540 nm); MALDI-TOF MS: m/z : 2793 (100%) [M]+


(calcd 2793); elemental analysis (%) calcd for C208H138N2O8: 89.44, H
4.98, N 1.00; found: C 88.45, H 5.06, 0.91.


First-generation dendrimer bearing 8 diphenylamino groups (7): As for
6a, 5 (100 mg, 0.085 mmol) and 11 (370 mg, 0.51 mmol) gave 9 (300 mg,
84%). M.p.: 292.5 8C; 1H NMR (250 MHz, C2D2Cl4, 300 K): d=8.15 (s,
4H), 7.54 (s, 4H), 7.35 (t, J=7.8 Hz, 2H), 7.21±6.59 (m, 172H), 2.61 (m,
4H), 1.05 ppm (d, J=6.7 Hz, 24H); 13C NMR (60 MHz, CD2Cl2, 300 K):
d=163.5 (q, C=O), 156.2 (q), 154.0 (q), 147.9(q), 147.9 (q), 145.7 (q),
145.3 (q), 145.0 (q), 141.9 (q), 141.7 (q), 140.9 (q), 140.3 (q), 139.6(q),
139.4 (q), 139.3 (q), 138.4 (q), 136.0 (q), 135.4 (q), 133.2 (q), 132.8 (t),
131.8(t), 131.3 (t), 130.7 (q), 130.4 (t), 129.3 (t), 127.8 (t), 127.3 (t), 126.5
(t), 125.9 (t), 124.2 (t), 123.8 (t), 123,5 (t), 123.0 (q), 122.5 (t), 122.3 (t),
121.1 (t), 121.0 (q), 120.4 (q), 119.5 (t), 29.3 (t; CH isopropyl), 24.4 ppm
(p; CH3 isopropyl); IR (KBr): ñ=3027, 2962, 2361, 1707, 1672, 1509,
1493, 1439, 1403, 1322, 1275, 1203, 1173, 1107, 1074, 1022, 839, 751, 696,
664, 562, 509cm�1; UV/Vis (chloroform): lmax (e)=584 (45777), 543
(28197), 457 nm (21092m�1 cm�1); photoluminescence spectrum (chloro-
form) lmax=607 nm (excitation 540 nm); MALDI-TOF MS: m/z : 3935
(100%) [M]+ (calcd 3935); elemental analysis (%) calcd for
C288H210N10O8: C 87.82, H 5.37, N 3.56; found: C 86.89, H 5.06, N 3.44.


Second-generation dendrimer bearing 8 N,N’-diphenylamino groups (8):
A mixture of 6b (150 mg, 0.050 mmol) and 11 (460 mg, 0.65 mmol) in m-
xylene (5 mL) was stirred at 150 8C for 48 h under argon. The cooled re-
action mixture was added to methanol (100 mL). The precipitated prod-
uct was filtered under suction. The product 8 was dried under vacuum


and purified by column chromatography on silica gel (eluent: toluene,
Rf=0.75) to give 8 (320 mg, 79%). M.p.: 317.2 8C; 1H NMR (250 MHz,
CD2Cl2, 300 K): d=8.15 (s, 4H), 7.50 (s, 4H), 7.46 (s, 4H), 7.44 (s, 4H),
7.33 (t, J=7.8 Hz, 2H), 7.18±6.49 (m, 396H), 2.70 (m, 4H), 1.11 ppm (d,
J=6.8 Hz, 24H); 13C NMR (60 MHz, CD2Cl2, 300 K): d=163.6 (q, C=


O), 156.0 (q), 154.3 (q), 148.1 (q), 148.1 (q), 146.3 (q), 145.7 (q), 145.3
(q), 142.1 (q), 142.0 (q), 141.6 (q), 141.2 (q), 141.0 (q), 140.6 (q), 140.4
(q), 140.3 (q), 140.2 (q), 139.6 (q), 139.4 (q), 139.2 (q), 138.9 (q), 138.5
(q), 138.2 (q), 136.2 (q), 135.6 (q), 132.9 (t), 132.0 (t), 131.8 (t), 131.4 (t),
130.3 (t), 129.4 (t), 129.3 (t), 127.9 (t), 127.2 (t), 126.6 (t), 125.8 (t), 123.9
(t), 123.7 (t), 123.6 (t), 123.3 (q), 122.6 (t), 122.5 (t), 121.3 (q), 120.8 (q),
29.4 (t; CH isopropyl), 24.1 ppm (p; CH3 isopropyl); IR (KBr): ñ=3031,
2963, 2923, 2361, 1707, 1673, 1591, 1494, 1448, 1405, 1334, 1311, 1278,
1205, 1172, 1075, 1022, 878, 751, 697, 554, 510cm�1; UV/Vis (chloroform):
lmax (e)=583 (36771), 543 (21992), 468 nm (17286m�1 cm�1); photolumi-
nescence spectrum (chloroform) lmax=607 nm (excitation 540 nm);
MALDI-TOF MS: m/z : 8311 (100%) [M]+ (calcd 8313); elemental anal-
ysis (%) calcd for C624H442N18O8: C 90.08, H 5.35, N 3.03; found: C 89.56,
H 5.43, N 2.79.


3,4-Bis[4-(N,N’-diphenylamino)phenyl]-2,5-diphenylcyclopenta-2,4-dien-
one (11): Dibromocyclopentadienone 10 (2.2 g, 4.0 mmol), diphenylamine
(1.8 g, 8.0 mmol), [Pd2(dba)3] (73 mg), and tBuONa (1.15 g, 12.0 mmol)
were added to a 50 mL Schlenk flask in a glove box. Toluene (30 mL)
was poured into the flask to dissolve the mixture, and tri-tert-butylphos-
phane toluene solution (1.2 mL, 20 mgmL�1, prepared from pure tri-tert-
butylphosphane and distilled toluene in the glove box) was added by in-
jection. The mixture was stirred at room temperature for 1 h under
argon. Then the solution was filtered under suction, and the filtrate ex-
tracted with water (500 mL). The organic phase was dried under vacuum
to give a dark crude product. The product 11 (2.6 g, 99%) was purified
by column chromography on silical gel (eluent: CH2Cl2, Rf=0.95). M.p.
273.3 8C; 1H NMR (250 MHz, CD2Cl2, 300 K): d=7.18 (m, 18H), 7.00 (m,
12H), 6.74 ppm (m, 8H); 13C NMR (60 MHz, CD2Cl2, 300 K): d=200.5
(C=O), 154.6, 148.4, 147.5, 131.9, 131.0, 130.5, 129.7, 128.2, 127.5, 126.7,
125.3, 124.9, 123.9, 121.5 ppm; IR (KBr): ñ=3031, 2362, 1701, 1588, 1488,
1442, 1355, 1277, 1176, 1111, 1077, 1025, 894, 840, 752, 696, 618, 561cm�1;
FD MS (8 kV): m/z : 718.2 (100%) [M]+ (calcd 718.8); elemental analysis
(%) calcd for C53H38N2O: C 88.55, H5.33, N 3.90; found: C 88.53, H 5.24,
N 3.88.


1,6,7,12-Tetrakis[4-(N,N’-diphenylamino)phenoxy]-N,N’-(2,6-diisopropyl-
phenyl)perylene-3,4,9,10-tetracarboxdiimide (12): Compound 3 (500 mg,
0.32 mmol), diphenylamine (20 mg, 1.3 mmol), [Pd2(dba)3] (12 mg), and
tBuONa (180 mg, 2.0 mmol) were added to a 25 mL Schlenk flask in the
glove box. Toluene (10 mL) was injected into the flask to dissolve the
mixture. Tri-tert-butylphosphane in toluene (0.2 mL, 20 mgmL�1) was
then injected into the flask in the glove box. The mixture was stirred at
room temperature for 4 h under argon. After 1 h, the solution was fil-
tered under suction and the filtrate extracted with water (100 mL). The
organic phase was dried under vacuum to obtain a purple crude product,
which was purified by column chromography (eluent: CH2Cl2, Rf=0.90)
to give 12 (501 mg, 91%). M.p.: 234.6 8C; 1H NMR (250 MHz, CD2Cl2,
300 K): d=8.26 (s, 4H), 7.42 (t, J=7.9 Hz, 2H), 7.24 (d, J=8.8 Hz, 4H),
7.15 (t, J=8.2 Hz, 16H), 7.01±6.83 (d, J=8.8 Hz, 40H), 2.64 (m, 4H),
1.04 ppm (d, J=6.8 Hz, 24H); 13C NMR (60 MHz, CD2Cl2, 300 K): d=
163.7 (C=O), 156.3, 150.9, 148.1, 146.4, 145.0, 133.6, 131.5, 129.7, 125.2,
124.6, 124.4, 123.3, 123.1, 121.0, 120.7, 120.5, 29.4 (CH isopropyl),
24.1 ppm (CH3 isopropyl); IR (KBr): ñ=2962, 2361, 1706, 1673, 1589,
1493, 1405, 1335, 1309, 1275, 1202, 874, 752, 696, 511 cm�1; UV/Vis
(chloroform): lmax (e)=595 (25268), 537 (23696), 437 nm
(13332m�1 cm�1); FD MS (8 kV): m/z : 1747.8 (100%) [M]+ (calcd
1748.0); elemental analysis (%) calcd for C120H94N6O8: C 82.45, H 5.427,
N 4.81; found: C 82.40, H 5.43, N 4.81.
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Interactions Between Organic Molecules and Water: Rotational Spectrum of
the 1:1 Oxetane±Water complex


Paolo Ottaviani,[a] Michela Giuliano,[a] Biagio Velino,[b] and Walther Caminati*[a]


Introduction


The study of isolated 1:1 complexes of organic molecules
with water helps in the understanding of their solvation
mechanism. Several spectroscopic techniques, generally as-
sociated with supersonic expansions, have been used for this
purpose. We believe that rotationally resolved spectrosco-
pies provide the most detailed and precise experimental
data. When the ™solvated∫ molecules contain a chromophoric
group, either laser-induced fluorescence (LIF) and related
techniques, or pure rotational spectroscopy can be used.
This is the case, for example, of the indole±water com-
plex.[1,2]


Aliphatic ethers are not chromophores, therefore the use
of LIF is not suitable to study their complexes with water.
This is probably the reason why only pure rotational spectra
has been reported for just a few of these systems. We stud-
ied the rotational spectra of the first adducts of water with
ethers. We found that in 1,4-dioxane±water[3] and tetrahy-
dropyran±water,[4] the water molecule is linked in an axial
arrangement, with the ™free∫ hydrogen E with respect to the


ring. In the cases of oxirane±water and dimethylether±water
the notation ™axial∫ or ™equatorial∫ is meaningless, since for
both oxirane and dimethylether the two lone pairs of the
oxygen ring are equivalent. The water molecule can tunnel
between these two equivalent lone-pairs, and the effects of
this motion on the rotational spectrum can be useful to de-
termine the potential-energy surface for the transfer of the
protic group. This is the case, indeed, for dimethylether±
water,[5] while in the case of oxirane±water,[6] no tunneling
effects have been observed.


Oxetane (OXE) is somehow intermediate between oxir-
ane and dimethyl ether, for example the COC angle is 91.58,
intermediate with respect to the values 61.7 and 111.78 for
oxirane and dimethyl ether, respectively. In addition, since
OXE executes a ring-puckering motion with a barrier below
the vibrational ground-state, its conformation is ™effective-
ly∫ planar, but not exactly planar.[7,8] These two factors
could alter the features of the rotational spectrum of the
complex with water (OXE±W, see Figure 1), with respect to
the ether±water adducts previously reported. For this
reason, we decided to investigate its free-jet millimeter-
wave absorption spectrum. Complexes of OXE with Ar,[9]


HF,[10] and HCl[11] have already been investigated, and no
doubling of lines from internal motions have been observed.


Results and Discussion


Rotational spectrum : We started the search with an estimate
geometry based upon the structure of the oxetane mono-
mer,[12] and upon the parameters of the hydrogen bond in
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Abstract: The 1:1 molecular complex
between oxetane and water has been
investigated by using free-jet millime-
ter-wave spectroscopy. The rotational
spectra of five isotopomers (with H2O,
D2O, DOH, HOD and H2


18O) have
been assigned. Partial r0 and rs struc-
tures of the complex have been de-
rived. The water moiety lies in the
plane of symmetry of oxetane, with the


™free∫ hydrogen E with respect to the
ring. The oxetane ring appears to be
slightly nonplanar, with the Cb carbon
tilted on the opposite side of the water


unity. The three atoms involved in the
hydrogen bond adopt a linear arrange-
ment with an Oring¥¥¥H distance of
about 1.86 ä, and the angle between
the COC bisector and the Oring¥¥¥H
bond being ffi1068. Additionally, quan-
tum-chemical calculations for the com-
plex were performed and were found
to be in agreement with the experimen-
tal results.


Keywords: ab initio calculations ¥
free-jet spectroscopy ¥ hydrogen
bonds ¥ molecular adducts ¥
rotational spectroscopy


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200305516 Chem. Eur. J. 2004, 10, 538 ± 543538


FULL PAPER







the complex 1,4-dioxane-water.[3] We found four ma-type
R bands, typical of a near-prolate top, evenly spaced by the
B+C value, and with J in the range from 11 to 16. We could
measure single transitions with Ka, in the range from 0±10.
The rotational frequencies have been fitted with Watsons
hamiltonian (Ir representation, S reduction),[13] which deter-
mine all the quartic-centrifugal-distortion constants, except
for DK, and the sextic HKJ parameter. No detectable inver-
sion splitting was observed.


We then recorded the rotational spectrum of the other
four isotopomers (oxetane with D2O, DOH, HOD, and
H2


18O), and the fitting procedure described above was re-
peated for each isotopomer.


All measured transitions are listed in Table 1, while the
fitted spectroscopic parameters are shown in Table 2.


We may note from their spectra that the transitions of the
two monodeuterated species have different intensities, that
is, the spectrum of the OXE±DOH species is about three
times stronger than that of the OXE±HOD species. Such an
effect, observed also for oxirane±water,[5] is due to the lower
zero-point energy of the monodeuterated species.


The centrifugal distortion parameters, which are much
larger than those of ™normal∫ molecules, may be regarded
as effective-fit parameters. In a more detailed analysis, the
large values of the DJ and DJK parameters could give infor-
mation on the low-energy motions of the water molecule
with respect to the ring. The value of DJK (�68.7 kHz) is, for
example, almost the opposite of the corresponding value for
the similar oxirane±water complex (DJK=104.4 kHz). How-
ever, the interpretation of this discrepancy appears to be
prohibitive, in that the water moiety is characterized by six
large-amplitude vibrations with respect to the OXE moiety.
Even though it is not directly related to these constants, the
observation of vibrational doubling of lines would give some
more easily-handling information on such a multidimension-
al potential-energy surface.


Conformation and structure : In all the studied ether±water
complexes, the water molecule lies on the ac plane of sym-
metry of the ether molecule, which is also the plane of sym-
metry of the complex. This feature is clearly shown when
taking into account the planar moment of inertia for the
complex (Mbb) along the b axis.
Mbb (=�imibi


2) represents the mass extension along the
principal axis b, which is perpendicular to the ac plane, and
is obtained from the rotational constants, through Equa-
tion (1).


Mbb ¼ h=ð16p2Þð�1=Bþ 1=Aþ 1=CÞ ð1Þ


The Mbb values of OXE and the five isotopomers of
OXE±W are reported in Table 3. One can see that they
have almost the same values, which indicates that all the
water atoms lie in the ac plane.


The values of rs coordinates
[14] for the water atoms (see


Table 4) rule out the Z configuration of the the ™free∫ water
hydrogens. The small non-zero jb j values are consistent
with the contributions due to the large amplitude motions of
the water moiety in the complex. Caution is needed to con-
sider the rs position of a hydrogen atom involved in a hydro-
gen bond, since the H!D isotopic substitution produces a
shrinking of the distance between the heavy atoms involved
in the hydrogen bond (Ubbelhode effect[15]). The water
H�H distance, obtained from the rs coordinates of the two
water hydrogens for the OXE±H2O and OXE±D2O are
quite similar (1.449 and 1.436 ä, respectively); this suggests
the Ubbelhode effect, as well as other vibrational effects, to
be almost negligible.


A partial r0 structure was calculated from the experimen-
tal rotational constants of the five isotopomers. The geome-
tries of oxetane and water were kept constant, while fitting
the R (the O�O distance), a and b parameters of Figure 1,
except for the non-zero value of a, which measures the
degree of non-planarity of OXE upon the formation of the


Abstract in Italian: Il complesso molecolare 1:1 fra ossetano
ed acqua õ stato studiato con spettroscopia millimetrica di as-
sorbimento in espansione supersonica. Sono stati assegnati gli
spettri rotazionali di cinque isotopomeri dell’acqua (H2O,
D2O, DOH, HOD and H2


18O) nel complesso. Sono state otte-
nute strutture parziali r0 ed rs del complesso. L×acqua si trova
nel piano di simmetria dell×ossetano che passa per gli atomi
O e Cb, con L×atomo di idrogeno ™libero∫ e rispetto all×anel-
lo. L×ossetano õ lievemente non-planare, con L×atomo di car-
bonio Cb piegato dalla parte opposta rispetto a quella in cui
si trova l×acqua. I tre atomi coinvolti nel legame a ponte idro-
geno hanno una configurazione lineare, con una distanza
Oring¥¥¥H di circa 1.86 ä, e con l×angolo fra la bisettrice di
COC ed il legame Oring¥¥¥H di circa 1068. Sono inoltre stati
fatti dei calcoli ab initio per il complesso, che sono risultati in
accordo con i dati sperimentali.


Figure 1. Observed configuration and definition of the main structural pa-
rameters of OXE±W.
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Table 1. Frequencies for measured transitions of OXE¥¥¥W [MHz].


J’(Ka’,Kc’)


!J’’(Ka’’,Kc’’) OXE¥¥¥H2O OXE¥¥¥H2
18O OXE¥¥¥DOH OXE¥¥¥HOD OXE¥¥¥D2O


12(0,12)-11(0,11) 60613.60 59781.36
12(1,12)-11(1,11) 60267.08
12(1,11)-11(1,10) 61998.47 61126.00
12(2,11)-11(2,10) 61216.53 60358.29
12(2,10)-11(2,9) 61944.33 61053.14
12(3,10)-11(3,9) 61439.49 60570.32
12(3,9)-11(3,8) 61513.24 60638.43
12(4,9)-11(4,8) 61434.34 60565.64
12(4,8)-11(4,7) 61436.86
12(5)-11(5)[a] 61428.41 60560.97
12(6)-11(6)[a] 61434.92 60567.90
12(7)-11(7)[a] 61449.44 60583.36
12(8)-11(8)[a] 61469.62 60603.86
12(9)-11(9)[a] 61494.19 60629.00
12(10)-11(10)[a] 61522.84 60658.07
12(11)-11(11)[a] 61554.97
13(0,13)-12(0,12) 65542.42 61915.56 64644.83 62563.47 61768.10
13(1,13)-12(1,12) 61588.52 64329.46 62239.10 61440.83
13(1,12)-12(1,11) 67083.48 63225.66 66143.07 63919.12 63089.73
13(2,12)-12(2,11) 66264.14 62486.44 65337.21 63163.20 62345.55
13(2,11)-12(2,10) 67146.52 63176.39 66181.36 63890.07 63043.93
13(3,11)-12(3,10) 66539.98 62698.25 65600.07 63386.76 62560.03
13(3,10)-12(3,9) 66649.85 62768.66 65701.17 63464.03 62631.80
13(4,10)-12(4,9) 66537.93 62694.24 65597.63 63382.60 62555.87
13(4,9)-12(4,8) 66542.41 62696.67 65601.40 63385.41 62558.33
13(5,9)-12(5,8) 66528.01 62689.44 65589.13 63376.38 62550.77
13(6)-12(6)[a] 66532.91 62696.67 65594.93 63382.64 62557.73
13(7)-12(7)[a] 66547.23 62711.55 65610.20 63396.79 62572.47
13(8)-12(8)[a] 66568.39 62731.87 65631.53 63416.52 62592.47
13(9)-12(9)[a] 66594.28 62756.67 65658.27 62617.43
13(10)-12(10)[a] 66624.90 62785.20 62646.00
14(0,14)-13(0,13) 70456.73 66566.57 69494.07 67262.52 66409.64
14(1,14)-13(1,13) 70184.67 66270.80 69215.93 66971.37 66113.96
14(1,13)-13(1,12) 72145.90 68013.83 71138.83 68758.10 67868.74
14(2,13)-13(2,12) 71299.07 67241.47 70303.87 67969.90 67091.79
14(2,12)-13(2,11) 72342.86 68066.67 68837.24 67926.50
14(3,12)-13(3,11) 71633.79 67499.54 70623.17 68242.15 67353.00
14(3,11)-13(3,10) 71791.90 67601.20 70768.80 68353.69 67456.77
14(4,11)-13(4,10) 71637.54 67498.19 68241.06 67351.56
14(4,10)-13(4,9) 71645.19 67502.34 70632.63 68245.72 67355.83
14(5)-13(5)[a] 71623.05 67489.98 70613.07 68231.20 67342.97
14(6)-13(6)[a] 71625.72 67495.80 70616.93 68235.89 67348.56
14(7)-13(7)[a] 71639.64 68250.00 67363.27
14(8)-13(8)[a] 71661.17 70653.87 68270.34 67384.33
14(9)-13(9)[a] 71688.69 70681.90 67410.40
14(10)-13(10)[a] 71721.10 70714.87 67440.80
15(0,15)-14(0,14) 75359.14 74331.28 71038.83
15(1,15)-14(1,14) 75125.53 74090.88 70776.83
15(1,14)-14(1,13) 77183.31 76111.08 72628.89
15(2,14)-14(2,13) 76320.27 75257.71 71826.94
15(2,13)-14(2,12) 76419.14 72804.15
15(3,13)-14(3,12) 76719.72 75638.94 72139.87
15(3,12)-14(3,11) 75842.43 72285.53
15(4,12)-14(4,11) 76732.79 75650.00 72143.57
15(4,11)-14(4,10) 76745.34 75661.13 72150.53
15(5)-14(5)[a] 75632.53 72131.17
15(6)-14(6)[a] 75633.67 72134.73
15(7)-14(7)[a] 76726.26 75647.73 72149.13
15(8)-14(8)[a] 76748.21 75670.43 72170.80
15(9)-14(9)[a] 76776.86 72198.17
15(10)-14(10)[a] 72230.33
16(0,16)-15(0,15) 75657.42
16(1,16)-15(1,15) 75429.42
16(1,15)-15(1,14) 77368.38
16(2,15)-15(2,14) 76550.89
16(2,14)-15(2,13) 77672.99
16(3,14)-15(3,13) 76919.93
16(3,13)-15(3,12) 77119.15
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complex. The deviation from linearity of the O�H¥¥¥O link-
age (g of Figure 1) has been estimated from the rs position
of the water Hfree hydrogen to be 0	58. The derived, but
more significant parameters r (the O¥¥¥H distance), f and t


of Figure 1, are given in Table 5, in which they are compared
to the corresponding values of the previously studied ether±
water complexes.


Quantum chemical calculations : The experimental evidence
seems to indicate that the oxetane ring in OXE±W is slightly
nonplanar, with the Cb apex away from the water molecule.
We performed some ab initio and density functional calcula-


tions for this complex in order to get a better insight about
this aspect of the structure, and its energetics. Oxetane is a
molecule which is ™effectively∫ planar, with a small barrier
to ring-puckering below the ground state.[7,8] Upon forma-
tion of the complex, with water at one side of the ring, the
two small minima could no longer be equivalent. We ran
MP2 and B3LYP calculations with the 6-311++G** basis
set. We found that the global minimum with both MP2 and
B3LYP had a distorted oxetane ring, being the a angle of
Figure 1 of 16 and 68, respectively. While the former method
gives a barrier of 83 cm�1 to the planarity, for the latter one
the minimum stands at 6 cm�1 below the energy of the
planar configuration, and consequently it describes a very
shallow potential-energy function. In addition, MP2 calcula-
tions give a secondary minimum (38 cm�1 above the abso-
lute minimum) with the Cb apex pointing towards the water
molecule with an opposite non-planar angle (affi�168). The
two potential-energy functions, E(a), are qualitatively
shown in Figure 2, and are compared to the ones relative to
OXE. B3LYP calculations for this monomer give a single


Table 1. (Continued)


J’(Ka’,Kc’)


!J’’(Ka’’,Kc’’) OXE¥¥¥H2O OXE¥¥¥H2
18O OXE¥¥¥DOH OXE¥¥¥HOD OXE¥¥¥D2O


16(4,13)-15(4,12) 76931.47
16(4,12)-15(4,11) 76942.53
16(5)-15(5)[a] 76914.83
16(6)-15(6)[a] 76916.07
16(7)-15(7)[a] 76929.80
16(8)-15(8)[a] 76951.90
16(9)-15(9)[a] 76980.47
16(10)-15(10)[a] 77014.50


[a] Doubly overlapped transitions due to the asymmetry degeneration of the Ka levels. Only Ka is indicated.


Table 2. Spectroscopic constants for the OXE¥¥¥W complex.


OXE¥¥¥H2O OXE¥¥¥H2
18O OXE¥¥¥DOH OXE¥¥¥HOD OXE¥¥¥D2O


A/[MHz] 8099.3(5)[a] 8070.5(6) 8103.9(8) 8069.(2) 8075.4(7)
B/[MHz] 2635.78(1) 2478.61(1) 2597.70(1) 2506.61(5) 2473.30(1)
C/[MHz] 2487.99(1) 2349.92(1) 2453.35(1) 2374.15(5) 2343.47(1)
DJ/[kHz] 20.337(7) 18.44(1) 19.30(1) 17.75(4) 16.868(6)
DJK/[kHz] �68.70(4) �63.76(3) �69.1(7) �61.81(5) �63.21(5)
d1/[kHz] 2.29(1) 1.96(2) 2.17(2) 2.00(7) 1.87(1)
d2/[kHz] �0.064(3) �0.047(2) �0.053(4) �0.056(8) �0.041(5)
HKJ/[Hz] �7.4(3) �9.7(4) �4.9(8) �6.3[b] �6.3(5)
Nc 56 26 53 27 59
s/[MHz] 0.08 0.03 0.1 0.1 0.09


[a] Error (in parenthesis) are expressed in units of the last digit. [b] Fixed at the values of the OXE¥¥¥DOD species. [c] Number of transitions in the fit.


Table 3. Mbb planar moments of inertia for OXE and OXE¥¥¥W.


OXE OXE¥¥¥H2O OXE¥¥¥DOH


Mbb/uä
2 36.99 36.89 36.90


OXE¥¥¥HOD OXE¥¥¥D2O OXE¥¥¥H2
18O


Mbb/uä
2 36.93 36.95 36.89


Table 4. The experimental substitution coordinates for the water atoms of OXE¥¥¥W are compared with the model calculated values after the structural
refinement, that is, with the r0 hydrogen bond parameters reported at the bottom of the table. The primed hydrogen participates in the hydrogen bond.


rs coordinates ja j jb j jc j
Parent molecule Atom Exptl Calcd[a] Exptl Calcd Exptl Calcd


OXE±W O 2.473(1)[b] 2.480 0.10(1) 0.0 0.34(1) 0.35
H’ 1.696(1) 1.615 0.11(2) 0.0 0.22(1) 0.06
H 3.122(2) 3.093 0.22(2) 0.0 0.45(1) 0.38


2) r0 hydrogen-bond parameters (see Figure 1)


R(O�O)=2.82(1) ä b=106(1)8 a=3(1)8 g=0(5)8


[a] Calculated with the r0 structure. [b] Error (in parentheses) are expressed in units of the last digit.
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minimum, therefore the comparison is not significant. The
ground-state average distortion of the ring in OXE±W is
qualitatively in agreement with the experimental indication,
a=38.


The hydrogen-bond structural parameters calculated with
MP2 and B3LYP methods are shown in Table 6 and are rel-
ative to the experimental values.


All calculations have been done with the Gaussian98 pro-
gram.[16]


Conclusion


The configuration of the global minimum of the OXE±W
complex has been determined by studying the millimeter-
wave free-jet absorption spectra of several isotopomers. The
water moiety lies in the plane of symmetry of oxetane, with


the ™free∫ hydrogen E the ring.
Both experimental data and
MP2 and B3LYP theoretical
calculations at the 6-311++


G** level, indicate that the
linkage with a water molecule
distorts the oxetane ring from
planarity, with the CH2 apex in


the b position on the opposite side with respect to the water
subunit. MP2 calculations suggest a secondary minimum
with Cb on the same side, however the minimum is too shal-
low to allocate any vibrational state.


In contrast, to the previously investigated ether±water
complexes, the O�H¥¥¥O linkage appears to be linear. It
seems that the shape of the O�H¥¥¥O linkage depends on
secondary interactions (such as the weak C�H¥¥¥O hydrogen
bonds), so that the partner molecule can engage with water.
MP2 and B3LYP calculations failed to reproduce this struc-
tural aspect (see Table 6).


We cannot exclude the stability of a second conformer,
with the ™free∫ water hydrogen Z with respect to the ring.
This species, however, if formed at room temperature or in
an intermediate step, would relax during the adiabatic ex-
pansion to the most stable one.[17]


Experimental Section


The description of the Stark- and pulse-modulated free-jet absorption
millimeter-wave spectrometer used in this study has been reported previ-
ously.[18,19] The adducts were formed by flowing argon at room tempera-
ture at a pressure of about 0.7 bar over a solution of OXE and water, in
a molecular ratio of 2:1. The mixture was then expanded to about
5.10�3 mbar through a pulsed nozzle (repetition rate 5 Hz) with a diame-
ter of 0.35 mm; the mixture reached an estimated ™rotational∫ tempera-
ture of about 10 K.
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Uniform Micro-Sized a- and b-Si3N4 Thin Ribbons Grown by a High-
Temperature Thermal-Decomposition/Nitridation Route


Junqing Hu,* Yoshio Bando, Zongwen Liu, Fangfang Xu, Takashi Sekiguchi, and
Jinhua Zhan[a]


Introduction


Inorganic whiskers or fibers have been widely employed to
improve toughness in advanced ceramics.[1,2] The use of sili-
con-nitride polycrystalline fibers and whiskers as a rein-
forcement in metal-matrix composites (so-called MMCs) is
of great interest due to to their outstanding mechanical
properties (such as, high strength, high tensility), and their
thermal and chemical stability (high resistance to thermal
shock and oxidation).[3±8] On the other hand, due to its high
dopant concentration similar to the III-N compounds (GaN
and AlN), the dopant containing silicon nitride (thin films
or large single-crystals) compounds are extensively used in
the microelectronics industry for various applications as op-
tical devices, such as a dopant diffusion barriers, an encapsu-
lant for III-V semiconductors, and an interlevel dielec-
tric.[9±11]Silicon nitride (Si3N4) usually exists in two structural
modifications, namely, a-Si3N4 (trigonal, space group: P31c)
and b-Si3N4 (hexagonal, space group: P63/m). a-Si3N4 is re-
garded as a metastable, low-temperature phase that trans-
forms to stable b-Si3N4 at a higher temperature,[12] usually, in
the presence of rare-earth oxide additives.[13,14] A third new


high-pressure and high-temperature phase, c-Si3N4, which
has a cubic-spinel structure, has been formed by using the
laser-heating technique,[15] or by the shock-synthesized tech-
nique.[16] Due to important technological applications, an
enormous effort is being made to obtain high pure Si3N4


whiskers or fibers. Generally, a- and b-Si3N4 whiskers are
produced by three methods that are similar to those used to
prepare SiC whiskers, that is, carbothermal reduction of
silica, decomposition of imide compounds, and direct nitri-
dation.[17±19] The a- and b-Si3N4 whiskers prepared by the
above methods are usually in wide range of submicron (�
1 mm) to ten microns in diameter. Very fine whiskers or
fibers will cause environmental and health problems as do
asbestos fibers.[19] If the whiskers with uniform micron-order
diameter could be prepared, this would solve the problems
in engineering applications. Recently, the newly distinct
micro- and nanostructures with ribbon-shaped (belt-shaped)
morphology in inorganic materials have received extensive
attention in both fundamental research and technological
applications.[20±24] Due to their brittleness, ceramic whiskers
or fibers are regarded as materials of modest performance,
especially under tension or bending conditions.[1] If ceramic
whiskers or fibers with thin ribbon-shaped (belt-shaped)
morphology can be achieved, it is expected that the new
form, not only possesses more interesting mechanical prop-
erties, such as ductility or superplasticity of ceramic reinforc-
ing composite materials, but also has novel optical proper-
ties.[1] In this article, we report on the growth of the thin,
ribbon-shaped, micro-sized structurally uniform single crys-
tals of a- and b-Si3N4 whiskers, which is achieved by ther-


[a] Dr. J. Hu, Dr. Y. Bando, Dr. Z. Liu, Dr. F. Xu, Dr. T. Sekiguchi,
Dr. J. Zhan
Advanced Materials Laboratory and
Nanomaterials Laboratory, National Institute
for Materials Science (NIMS), Namiki 1±1, Tsukuba
Ibaraki 305±0044 (Japan)
Fax: (+81)298-51-6280
E-mail : HU.Junqing@nims.go.jp


Abstract: Uniform micro-sized a- and
b-Si3N4 thin ribbons have been ach-
ieved by a high-temperature thermal-
decomposition/nitridation route. As-
grown ribbons were characterized by
using powder X-ray diffraction, scan-
ning electron microscopy, transmission
electron microscopy, energy-dispersive
X-ray spectroscopy, electron energy
loss spectroscopy, and cathodolumines-


cence. These a- and b-Si3N4 ribbons
are structurally uniform micro-sized
single crystals, and have a width of ~2±
3 microns, a thickness of ~20±60 nm,
and a length, that ranges from several


hundreds of microns to the order of
millimeters. A room-temperature cath-
odoluminescence spectrum recorded
from these ribbons shows one intensive
blue emission peak at ~433 nm. The
growth for the new ribbon form of this
material is believed to be dominated
by a vapor±solid process.


Keywords: crystal growth ¥
nitrides ¥ ribbons ¥ scanning probe
microscopy ¥ silicon
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mal-decomposition-nitridation of silicon monoxide (SiO) at
high temperatures. The thin ribbons have uniform widths of
~2±3 microns, thicknesses of ~20±60 nm, and lengths that
range from several hundreds of microns to the order of mil-
limeters. The optical property (cathodoluminescence) was
also investigated for the new ribbon-shaped form of this ma-
terial.


Experimental Section


Uniform micro-sized a- and b-Si3N4 thin ribbons were grown in a vertical
induction furnace. The induction furnace consists of a clear fused-quartz
tube (50 cm in length, 12 cm in outer diameter and 0.25 cm in wall thick-
ness), and an inductively-heated cylinder made of high-purity graphite
(30 cm in length, 4.5 cm in outer diameter and 3.5 cm in inner diameter)
coated with a C fiber thermo-insulating layer. The heated cylinder had
one inlet and outlet C pipe on its top and bottom, respectively. A graph-
ite crucible (3.0 cm in outer diameter, 3 mm in wall thickness, and 3 cm
in height), that contained SiO powder (1.5 g, 99.99%, Sigma-Aldrich)
was placed at the center cylinder zone.


After evacuation of the quartz tube to ~2î10�1 Torr, a pure N2 flow was
introduced through the tube at a flow rate of 1.0 Lmin�1, and an ambient
pressure in the tube. The crucible was rapidly heated and maintained at
1550 8C (measured by an optical pyrometer with an estimated accuracy
of �10 8C) for 1.5 h.


After the reaction was terminated and the furnace was cooled to the
room temperature, the product was collected from the inner wall of the
heated cylinder, and characterized by using an X-ray diffractometer
(XRD, RINT 2200) with CuKa radiation, scanning electron microscopy
(SEM, JSM-6700F) and transmission electron microscopy (TEM, JEM-
3000F) attached with a parallel detection Gatan-666 electron energy loss
spectrometer (EELS), and an X-ray energy dispersive spectrometer
(EDS).


Cathodoluminescence (CL) spectroscopy was carried out by using a low
energy CL (HRLE-CL) system, and a thermal-field-emission scanning
electron microscopy (TFE-SEM, Hitachi S4200).


Results and Discussion


As-grown product was deposited (the yield of the product
was estimated to be ~5%, according to the amount of SiO
used) as pieces of gray-white wool-like material on the inner
wall of the heated cylinder after the reaction was terminat-
ed. The XRD pattern of the product is shown in Figure 1.


The peaks marked with a can be indexed as those from the
hexagonal a-Si3N4 with lattice constants a=7.750 ä and c=
5.620 ä, consistent with the standard values (JCPDS, 41±
360, a=7.754 ä and c=5.622 ä) within experimental error;
while the peaks indicated by b, can be identified as the hex-
agonal b-Si3N4 with lattice constants a=7.588 ä and c=
2.904 ä, in accordance with the literature values (JCPDS,
33±1160, a=7.604 ä and c=2.9075 ä). Therefore, both a-
and b- mixed phases of crystalline Si3N4 are obtained in the
present route. No characteristic peaks from other impurities,
such as Si, SiO, and SiC, are detected in the XRD pattern.


Examinations of SEM and TEM will shed light on the
morphology characteristics of as-grown Si3N4 product. As
seen from a low-magnification SEM image, the product con-
sists of a large quantity of long and straight ribbon-shaped
whiskers with a uniform micro-order diameter. Analysis of a
number of the ribbons show that each has a diameter of
around 2±3 microns, and a length of up to several hundreds
of microns, some of them even have lengths in the order of
millimeters. A high-magnification SEM image, Figure 2B,


further suggests that the product clearly displays a thin and
wide uniform ribbon-shaped geometrical characteristic. The
thickness of the ribbon can be deduced from the ribbons
imaged edged-on, as shown in an upper right inset in Fig-
ure 2B, in which the thickness is indicated by two parallel
lines. Careful examination of many ribbons with different
lengths reveals that the thickness is estimated to be 20±
60 nm. The TEM image in Figure 2C shows that the uniform
ribbons are so thin that they are very transparent to the
electron beam in the TEM imaging, even if three ribbons
are overlapped. The TEM image in Figure 2D shows a twist-
ed ribbon, in which many streaklike or ripple-type contrasts
on the observed faces are due to the presence of strain,
which originates from the lattice distortions in thin TEM
samples;[23,25] this also suggests significant ductility and flexi-
bility of the ™advanced ceramic∫ Si3N4 ribbon-shaped whis-
kers.


Figure 1. A XRD pattern recorded from the product grown by a high-
temperature thermal-decomposition/nitridation route.


Figure 2. A) Low- and high-magnification. B) SEM images of as-grown
straight uniform micro-sized a- and b-Si3N4 thin ribbons, respectively. An
upper right inset (B) which shows the thickness of a ribbon imaged
edged-on. TEM images of the uniform straight (C) and twisted (D) a-
and b-Si3N4 thin ribbons, respectively.
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High-resolution TEM (HRTEM) and electron diffraction
(ED) studies will provide further insight into the microstruc-
tures of the new ribbon-shaped form for this material. Fig-
ure 3A shows a HRTEM image of one ribbon, in which the


lattice fringes of the {100} and {001} have a d-spacing of
0.67 nm and 0.56 nm, respectively, for the hexagonal a-
Si3N4, which can be clearly seen. The [210] crystallographic
direction is parallel to the long axis direction of the ribbon,
that is, the growth direction, which is perpendicular to the
[001] crystallographic orientation of a-Si3N4. As seen from
the image, this ribbon is a structurally-uniform single crystal,
and no dislocations or other planar defects are observed
within it. The edge of the ribbon is clean and very abrupt on
an atomic scale, and there are no amorphous layers covering
the surface. The corresponding ED pattern (an upper right
inset) can be indexed as the [010] zone axis diffraction pat-
tern of the a-Si3N4 single crystal. The out-of-focus diffrac-
tion pattern also suggests that long axis direction or the
growth direction occurs along the [210] direction of the a-
Si3N4 crystal. Careful HRTEM and ED examinations of this
ribbon indicate that the structural uniformity of the single-
crystal ribbon is perfectly maintained throughout the whole
length. Figure 3B shows a HRTEM image of an other
ribbon. The measured d-spacing of 0.56 nm and 0.38 nm are
in agreement with those of the {001} and {110} crystallo-
graphic planes of a-Si3N4, respectively. The ED pattern,
shown in the upper right inset, can be indexed as the [�110]
zone axis diffraction pattern of the a-Si3N4 crystal. Similar
HRTEM and ED studies reveal that this ribbon is also a
structurally-uniform and defect-free single crystal, while the


growth direction, different from the former, is demonstrated
to be parallel to the [112] crystallographic orientation of the
a-Si3N4 crystal. Figure 3C is a HRTEM image of another
ribbon, in which the measured d-spacings of 0.66 nm and
0.29 nm are in accordance to the {100} and {001} crystallo-
graphic planes of the hexagonal b-Si3N4. The long axis direc-
tion or the growth direction of the ribbon is determined to
be parallel to [210] crystallographic orientation of b-Si3N4,
which is the same as one of the a-Si3N4 ribbons× growth di-
rection. The corresponding ED pattern (lower right inset)
can be indexed as the [100] zone axis diffraction pattern of
the b-Si3N4 single crystal. In our experiment, examinations
of several tens of these ribbons by HRTEM and ED meth-
ods suggest that these ribbons generally fall into the three
types: A large part of the product (~60%) is a-Si3N4 rib-
bons in the [210] growth direction, as shown in Figure 3A,
and another form with a small proportion is also a-Si3N4 rib-
bons with a different growth direction from the former, that
is, the [112] direction, as shown in Figure 3B, the third type
with considerable content is b-Si3N4 ribbons with the only
[210] growth direction, as shown in Figure 3C.


The composition of individual Si3N4 ribbons has been
characterized by using in-situ EDS and EELS analysis. The
spectrum shown in Figure 4A reveals the presence of Si and


N (a very weak Cu signal comes from a TEM grid) with the
presence of no other impurities within a ribbon. Quantiza-
tion of the spectrum gives the components (at. -%) of Si
and N as ~42.4 and ~57.6 (calcd for Si3N4: Si, 42.85; N,
57.14), respectively; this outlines the stoichiometry of the
Si3N4 ribbon. A representative EEL (Figure 4B) spectrum


Figure 3. A) A HRTEM image of a a-Si3N4 ribbon with the [210] growth
direction, an upper right inset showing its [010] zone axis ED pattern.
B) A HRTEM image of a a-Si3N4 ribbon with the [112] growth direction,
an upper right inset that shows the [�110] zone axis ED pattern. C) A
HRTEM image of a b-Si3N4 ribbon with the [210] growth direction, an
upper right inset showing the [100] zone axis ED pattern.


Figure 4. A) An EDS and B) an EEL spectrum, recorded from an Si3N4


ribbon.
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(recorded by using a stationary focused 1 nm electron
probe) also shows the composition of the a-Si3N4 ribbon.
The peaks of the Si-L2,3 edge (~99.3 eV) and N-K edge
(~401.5 eV) indicate that the ribbon is composed of Si and
N. No C K-shell ionization edge (~283.8 eV) can be seen in
the spectrum, which indicates no C contamination from the
crucible carbon material that was used. Quantization of the
EEL spectrum shows the components of Si and N are close
to that of the EDS analysis.


Cathodoluminescence was used to investigate the optical
property of the new ribbon-shaped form of this material.
Figure 5 shows a room temperature CL spectrum of these


ribbons, which consists of one intensive blue emission peak
at ~433 nm (~2.86 eV). Previous studies have defined de-
fects in silicon nitride to be of four types, namely, Si�Si and
N�N bonds, and Si and N dangling bonds.[26] Theoretical
predictions have indicated that there are two nitrogen
defect states that give rise to levels within the gap, namely
N4 and N2


0, that are near the conduction and valence band,
respectively.[27] According to this model, the strong peak at
~433 nm is due to recombination, either from the conduc-
tion band to the N2


0 level, or from the valence band to the
N4 level.


It has been reported that the microribbons grown by a
metal-catalyzed vapor-liquid-solid (VLS) process can be in-
terpreted by a twin-plane growth mechanism,[28,29] in which a
metal particle is located at the growth front of the ribbons,
and acts as the catalytic active-site: the growth process of
the ribbons was controlled by a twin-plane parallel to the
flat surface of the microribbons. In our experiment, no cata-
lytic metal was used, and no existence of twin-plane parallel
to the flat surface of both a- and b-Si3N4 ribbons was ob-
served in our TEM careful examination. Therefore, the
growth of these ribbons may not be dominated by the
above-proposed mechanism. In the present case, a Si vapor
would be produced due to the thermal decomposition of
SiO to Si+SiO2.


[30±33] Meanwhile, due to the high processing
temperature, a carbothermal reduction of SiO and the cruci-
ble carbon material [SiO (g)+C (s)!Si (g)+CO (g)] may
occur to some degree, and also help to produce a Si vapor.
These Si vapors then react (nitride) with N2 through a reac-
tion, 3Si (vapor)+2N2 (vapor)!Si3N4 (solid), at a suitable
temperature region, and the formation of Si3N4 ribbons thus
falls into a vapor-solid (VS) process.[34,35] In this reaction,


some unstable gas intermediates such as SiN and Si2N may
be formed, which might play a role in the formation process
for these ribbons. We named the process as a high-tempera-
ture thermal-decomposition-nitridation process. In this proc-
ess, the reaction of as-formed Si vapors with N2 will result in
the formation Si3N4 nanoclusters (the nuclei of Si3N4 rib-
bons) on the inner wall of the heated cylinder. Some of
these nanoclusters (or nuclei Si3N4 ribbons) have a low-sur-
face energy among the crystal planes in both a- and b-Si3N4.
These Si3N4 nanoclusters (or nuclei Si3N4 ribbons) are there-
fore energetically favorable, and serve as stable sites for the
adhesion of additional Si3N4 molecules; this gives rise to the
growth of the Si3N4 ribbons. Due to a high given tempera-
ture, the a-Si3N4 (metastable, low-temperature phase) will
undergo phase transformation to stable b-Si3N4.


[12] Usually,
in the transformation of a- to b-Si3N4, rare-earth-oxide-as-
sisted additions are required in order to initiate and enhance
the transformation.[13,14] In our route, no earth-oxide phases
are used, the transformation of a- to b-Si3N4 is believed to
occur through a self-initiation process, and the transforma-
tion ratio is thus low, which is somewhat similar to that pre-
viously reported.[36] It is expected that by optimizing the re-
action conditions, for example, by carefully selecting the
deposition temperature, the pure-phase a-Si3N4 or b-Si3N4


ribbons can be produced by the present route. In most cases
for both the a- and b-Si3N4 ribbons, their growths occur
along the [210] direction. This fact can be simply explained
by the ™low energy∫ argument, that is, that the {1000} plane
is one of the most densely-arranged planes in both a- and b-
Si3N4,


[18] and stacking along the [210] therefore becomes en-
ergetically favorable. The detailed growth mechanisms of
the new ribbon-shaped form for Si3N4, however, are not
fully understood, and require more systematic investiga-
tions.


Conclusion


In summary, this present work demonstrates that the struc-
turally uniform micro-sized single crystals of a- and b-Si3N4


thin ribbons (or ribbon-shaped whiskers) can be grown by a
high-temperature thermal-decomposition/nitridation route.
The ribbons have uniform widths of ~2±3 microns, a thick-
nesses of ~20±60 nm, and lengths that range from several
hundreds of microns to the order of millimeters. A room-
temperature cathodoluminescence spectrum recorded from
these ribbons shows one intensive blue emission peak at
~433 nm. The structurally-uniform ribbon-shaped single
crystals of a- and b-Si3N4 whiskers with the above available
sizes could make them useful as a specific reinforcement in
™advanced ceramics∫, such as metal and ceramic matrix-
composites, as well as perhaps an ideal structure with which
to pin vortices in microelectronics for various applications
as optical devices.


Figure 5. A room-temperature CL spectrum recorded from the a- and
b-Si3N4 ribbons.
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Enantioselective Synthesis of Non-Natural Aromatic a-Amino Acids


Andreas Krebs, Verena Ludwig, Josÿ Pfizer, Gerd D¸rner, and Michael W. Gˆbel*[a]


Introduction


Over the last few years, combinatorial libraries of synthetic
peptides have seen numerous applications in protein bio-
chemistry.[1] More recently, synthetic libraries have also al-
lowed promising peptide ligands for DNA and RNA to be
identified.[2] Apart from charge effects and hydrogen bonds,
molecular recognition of nucleic acids is often dominated by
stacking interactions.[3] Being interested in RNA ligands and
artificial nucleases,[4] we felt that, of the different classes of
amino acids, those carrying positive charge or aromatic rings
are the preferable building blocks. To enhance chemical di-
versity, it would be desirable not to restrict library design to
Arg, Lys, His, Phe, Tyr, and Trp alone, but also to include
non-natural aromatic or heteroaromatic amino acids.
Several methods for the synthesis of non-natural a-amino


acids exist.[5] Often the complete side chain is attached to a
prochiral precursor molecule in a stereoselective reaction.
This approach, while successful in many cases, creates the
need to determine the enantiomeric purity of each newly
synthesized batch of amino acids scrupulously and, if neces-
sary, to purify to high levels of ee. We preferred a different
strategy, of transforming an easily accessible, enantiopure,
common intermediate into a variety of final products by


™racemization-proof∫ reactions. Derivatives of vinyl- or al-
lylglycine should fulfil the criteria for such central inter-
mediates, since various aryl residues could be introduced by
a Suzuki cross-coupling reaction.[6±8] Allylglycine is readily
available through Myers alkylation of glycine with pseudoe-
phedrine as auxiliary.[9] The conversion of serine into deriva-
tives of vinylglycine has also been reported.[10] For the ex-
tension of the side chain, however, the corresponding amino
aldehyde is required,[11] an intermediate known for its ten-
dency to racemize. The alternative approach described here
involves methionine as starting material. This is transformed
into a vinylglycine derivative ready for use in Suzuki cou-
pling.


Results and Discussion


Synthesis by transformation of methionine : Initially we tried
to keep the oxidation level of the carboxy group unchanged.
Thus, (S)-l-methionine (1) was converted into the carboxy-
benzoxy(Cbz)-protected methyl ester and oxidized to form
sulfoxide 2 (Scheme 1). A thermal syn elimination then led
to the vinylglycine derivative 3.[12] This step turned out to be
troublesome, temperatures around 160 8C being insufficient
for complete conversion. Higher temperatures, on the other
hand, produced large amounts of the achiral products 4a
and 4b, making the purification of 3 laborious (HPLC). On
larger scales, yields of 3 rarely exceeded 20%. Performing
the reaction under solvent-free conditions in a Kugelrohr[13]


did not give reliable results in our hands. Even worse, the


[a] A. Krebs, V. Ludwig, J. Pfizer, Dr. G. D¸rner, Prof. Dr. M. W. Gˆbel
Institute of Organic Chemistry and Chemical Biology
Marie-Curie Strasse 11, 60439 Frankfurt/Main (Germany)
Fax: (+49)697-982-9464
E-mail : M.Goebel@chemie.uni-frankfurt.de


Abstract: We present two complemen-
tary methods for the stereoselective
synthesis of non-natural a-amino acids
with aromatic or heteroaromatic side
chains. One approach is based on the
chemical transformation of methionine,
whereas the other applies the stereose-
lective Myers alkylation of glycine. The
resulting product types differ in the
linker length between glycine and the
aromatic substituent. Since methionine
and pseudoephedrine are available in


both absolute configurations, R- or S-
configured enantiopure amino acids
with either C2 or C3 linkers can be ob-
tained on gram scales. In each case the
key step of the synthesis is hydrobora-
tion of the unsaturated building blocks
9 and 17, followed by palladium-cata-


lyzed Suzuki cross-coupling with aryl
halides. Attention must in certain cases
be paid to the stereochemical integrity
when basic Suzuki conditions are ap-
plied. Our initial difficulties are report-
ed as well as the final ™racemization-
proof∫ procedures. The protecting
groups chosen for the a-amino acids
should be compatible with solid-phase
peptide synthesis. This was confirmed
by the successful synthesis of a series
of tripeptides.


Keywords: amino acids ¥ chiral
auxiliaries ¥ chiral pool ¥ peptides ¥
Suzuki reaction
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enantiomeric purity of the vinylglycine intermediate 3 drop-
ped below 95% ee in the pyrolysis, incompatibly with our
strategy described above. Nevertheless, cross-coupling stud-
ies were initiated with compound 3.
Initial attempts to hydroborate 3 with 9-BBN and to


cross-couple the intermediate alkyl borane under Suzuki
conditions led to surprisingly low yields of compound 7
(Scheme 2; Table 1). Furthermore, the modest yield of lac-
tone 6, obtained by oxidation of the borane intermediate, in-


dicated that the normal hydroboration conditions[6c] were
not appropriate in this case. Attempts to improve the yield
of 7 by promoting the 9-borabicyclo[3.3.1]nonane (9-BBN)
addition with Wilkinson×s catalyst failed.[14] The use of 1,4-
dioxane as solvent and higher temperatures,[15] however, re-
sulted in a smooth hydroboration. The cross-coupling was
found to give satisfying yields (Table 1) in the presence of
CsF[7] as base and [Pd(PPh3)4] as catalyst. Further optimiza-
tion of the cross-coupling conditions showed a correlation of
yields with increasing strength of the base (Table 2). Un-
fortunately, when the ee of product 7 was determined, a cor-
relation with partial racemization was also observed
(Table 2), consistent with the ability of strong bases such as
F� to deprotonate the a-position of the amino acid esters.


At this stage we changed our tactics and converted me-
thionine into the amino alcohol. Through these additional
reduction and oxidation steps, all the previous problems
could be circumvented while not complicating the syntheses
significantly (Scheme 3).
After LiAlH4 reduction of the carboxy group in boiling


THF overnight[16] followed by Cbz- and tert-butyldimethylsil-
yl (TBS)-protection, periodate oxidation led to the sulfoxide
8. Successive pyrolysis afforded the desired unsaturated de-
rivative 9 as a stable compound in scales above 30 g. Com-
pound 9, unlike the carbonyl analogue 3, has no tendency
towards migration of the double bond, so the elimination
temperature could be increased to 180 8C, improving the
yield of 9 to 88% (Scheme 3). Clean hydroboration of com-
pound 9 was observed under the previously established con-
ditions. Replacement of [Pd(PPh3)4] by [Pd(dppf)Cl2] in the
cross-coupling step then allowed all products 10a±f to be
obtained reproducibly and in high yields. While the desilyla-
tion with TBAF in THF was a straightforward reaction, re-


moval of Cbz under normal hy-
drogenolysis conditions (Pd-C/
H2) was found to cause partial
reduction of some aromatic
side chains. To avoid this draw-
back we utilized a transfer hy-
drogenation procedure with 1,4-
cyclohexadiene and Pd(OH)2 in
refluxing ethanol.[17] Fmoc pro-
tection and oxidation of the hy-
droxy group completed the syn-
theses of building blocks 13a±e,
ready for peptide coupling. For
amino alcohol 12 f, substituted


Scheme 1. a) MeOH, SOCl2, 95%; b) Cbz-Cl, KHCO3, 92%; c) NaIO4,
84%; d) o-dichlorobenzene, 160 8C, 20%.


Scheme 2. a) H2O2, THF; b) Suzuki reaction.


Table 1. Hydroboration of the protected vinylglycine 3.


Solvent 9-BBN T Catalyst 1 Catalyst 2 Base Yield
[equiv] [8C][a] [3 mol%][b] [3 mol%][c] [3 equiv][d] [%][e]


THF 1 RT ± [Pd(dppf)] K3PO4 15
THF 2 66 ± [Pd(dppf)] K3PO4 15
THF 2 RT [Rh(Ph3P)3Cl] [Pd(dppf)] K3PO4 18
THF 2 66 [Rh(Ph3P)3Cl] [Pd(dppf)] K3PO4 18
THF 3 66 [Rh(Ph3P)3Cl] [Pd(dppf)] K3PO4 20
toluene 2 85 ± [Pd(dppf)] K3PO4 30
dioxane 1.1 85 ± [Pd(PPh3)4] K3PO4 60
dioxane 1.1 85 ± [Pd(PPh3)4] CsF 85


[a] Temperature of the hydroboration step (overnight). [b] Hydroboration catalyst. [c] Cross-coupling catalyst.
[d] Conditions of the cross-coupling step: THF 66 8C, toluene or dioxane 80 8C (each overnight). [e] Isolated
yield of the Suzuki product.


Table 2. ee-Determination of compound 7.[a]


Base [3 equiv] Yield [%] ee [%]


K3PO4 60 85
CaCO3 6 n.d.
Cs2CO3 61 40
K2CO3 64 52
CsF 85 32


[a] Hydroboration with 1.1 equivalents of 9-BBN in 1,4-dioxane at 85 8C;
cross-coupling at 80 8C overnight with [Pd(PPh3)4] as catalyst.
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with anthracene, no sufficient oxidation to the carboxylic
acid could be achieved. The starting material disappeared,
but the oxidized product could not be isolated. Perhaps the
poor solubility led to co-precipitation with the inorganic
solid formed in the reaction.
The described approach was found to be universal for


both configurations and we were able to synthesize the d


derivative ent-13d by using (R)-d-methionine as starting ma-
terial. The availability of the two enantiomers allowed the
enantiomeric purity to be determined rigorously by HPLC


on chiral columns. Enantiomers 13d and ent-13d both exhib-
ited >99% ee.


Synthesis by stereoselective alkylation of glycine : The chiral
glycine amide 14 (Scheme 4), available from pseudoephe-
drine and glycine methyl ester, was introduced by Myers
and applied for the synthesis of a broad scope of a-amino
acids. In this procedure, a dianion of 14 is alkylated at
carbon with high diastereoselectivity. We adopted the Myers
protocol as a convenient route to the allyl glycine derivative


Scheme 3. a) LiAlH4, THF, 76%; b) Cbz-Cl; c) TBS-Cl, imidazole; d) NaIO4, 94% (over three steps); e) o-dichlorobenzene, 180 8C, 88%; f) 1. 9-BBN,
2. Aryl-Br, CsF, [Pd(dppf)Cl2], 83±97%; g) TBAF, 68±84%; h) 1,4-cyclohexadiene, Pd(OH)2; i) Fmoc-Suc, 57±84% (over two steps); j) PDC, DMF, 56±
86%.


Scheme 4. a) LiCl, THF, LiHMDS, then allyl bromide, 68%; b1) Boc2O, NaHCO3, ultrasound, 85%; b2) Cbz-Cl, Et3N, CHCl3, 87%; c) 9-BBN (0.5m
THF) 2.4 equiv, 5 mol% catalyst, base, aryl halide, see Table 3; d) MeOH, Pd/C, H2; e) H2O, reflux, 50±60% over two steps; f) DCM, TMS-Cl, DIPEA,
Fmoc-Cl, 70%.
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15.[9,18] First cross-coupling experiments started from com-
pound 16. As described above, the unsaturated side chain
was hydroborated with 9-BBN and coupled with aryl halides
in a Suzuki reaction. Because of the presence of the hydrox-
yl group, hydroboration required at least 2 and worked best
with 2.4 equivalents of 9-BBN. Three cross-coupling prod-
ucts (18a, 18c, 18e) could be obtained in good, and one in
moderate, yield (18b) (Table 3). In all cases, however, the
purification was found to be troublesome and required prep-
arative HPLC. Compound 18d remained inaccessible even
after several attempts (Table 4).
Superior results were obtained with the Cbz-protected


compound 17 (Scheme 4, Table 3). The Suzuki reaction was
found to be highly efficient even with an aryl chloride, a
species generally known for low coupling rates.[6a] We were
able to synthesize pyrazine derivative 19e (86% yield) and
also the pyrimidine 19d. Furthermore, the products could be
isolated by simple column chromatography. Replacement of
the catalyst [Pd(PPh3)4] by [Pd(dppf)Cl2] did not raise the
yields but again imposed the need to purify products by
HPLC. After removal of Cbz, pseudoephedrine was cleaved
off by boiling in neutral H2O to avoid the risk of base-in-
duced racemization and to isolate products not contaminat-
ed with salts. The chiral purity of the Fmoc-protected d-
amino acid 21e was determined by HPLC as 99% ee. Fur-
thermore, when (R,R)-(�)-pseudoephedrine was used as
auxiliary, the corresponding l derivative ent-21e could be
obtained in high yield and with more than 99% ee.


Application in solid-phase peptide synthesis : To demon-
strate the practical use of the Fmoc building blocks 13a±e
and 21a±e for peptide synthesis, we assembled the tripepti-
des 22±32 by standard methods on solid support. In each
compound, one of the synthetic amino acids is flanked by
two D-arginines. Arginine was chosen because its deprotec-


tion is a rather critical step. Acid-induced removal of sulfon-
ic acids such as Mtr or Pmc requires drastic conditions and
forms electrophilic intermediates that might endanger aro-
matic rings. If the arginine-rich tripeptide could be prepared
from a certain building block, we argued, its incorporation
into other sequences would be less challenging. Scheme 5
summarizes the structures of tripeptides 22±32. Two pepti-
des, 31 and 32, however, proved to be troublesome. After
cleavage from the resin and deprotection under standard
conditions (Table 5, entry 1), the mass spectra did not reveal
the expected peaks, thus indicating the formation of undesir-
able adducts ([M+138]+). To overcome this problem, vari-
ous cleaving conditions for peptide 32 were tested (Table 5).


Established reagents such as trimethylsilyl bromide
(TMSBr) or trifluoroacetic acid/triisopropylsilane (TFA/
TIS) were not successful either. Standard conditions in the
presence of TIS (Table 5, entry 4) gave best results and fa-
vored the desired tripeptide peak in a ratio of 2:1 relative to
the [M+138]+ product. The 5-indolyl and the 5-pyrimidinyl
amino acids are thus not suitable as building blocks for com-
binatorial libraries.


Conclusions


Here we report an efficient, easy to handle and cost-effec-
tive synthesis of non-natural aromatic amino acids, starting


from vinylglycine or allylglycine
as useful precursors for Suzuki
couplings with aryl halides.
Both configurations were acces-
sible in 99% enantiomeric ex-
cesses after elimination of ini-
tial problems due to base-cata-
lyzed racemization. The applic-
ability of the new building
blocks was tested in the solid-
phase synthesis of tripeptides.
Some aromatic systems formed


Table 3. Suzuki coupling of the Boc- and Cbz-protected derivatives 16
and 17.[a]


Ar-Halide Product Yield [%]


2-Br-pyridine 18a/19a 76[b]/90[c]


3-Br-pyridine 18b/19b 20[b]/38[c]


2-Br-pyrimidine 18c/19c 68[b]/88[c]


5-Br-pyrimidine 18d/19d 0[b]/27[c]


Cl-pyrazine 18e/19e 75[b]/86[c]


[a] All coupling reactions were carried out with 2.4 equivalents of 9-BBN
(0.5m in THF), [Pd(PPh3)4] as catalyst and K3PO4 as base at room tem-
perature for 16 h reaction time. [b] Boc-protected. [c] Cbz-protected.


Table 4. Attempts to prepare the Boc-protected derivative 18d (room temperature, 16 h, various catalysts and
bases).


Ar halide Catalyst Base Yield [%]


[Pd(PPh3)4], 5 mol% NaOH (10%), 3 equiv ±
[Pd(PPh3)4], 5 mol% Ag2O, 2 equiv ±


5-Br-Pyrimidine Pd(OAc)2, 10 mol% Na2CO3, 2 equiv ±
Pd (polymer-bound) K3PO4


[b] ±
[Pd(PPh3)4], 5 mol% CsF, 3 equiv ±
[Pd(dppf)Cl2], 5 mol% K2CO3, 3 equiv ±


[a] All coupling reactions were carried out with 2.4 equivalents of 9-BBN (0.5m in THF). [b] 2-Propanol/H2O
1:1.[21] [c] 9-BBN solid 1.5 equiv.


Table 5. Cleavage of tripeptide 32 under various conditions.


Entry Cleaving conditions Time Result


1 TFA/PhSCH3/PhOH/H2O/EDT 5 h [M+138]+


82.5:5:5:5:2.5
2 TFA/TIS/H2O 4.5 h [M]+/[M+138]+


92.5:5:2.5 1:1
3 TFA/TIS/H2O 4.5 h [M]+/[M+138]+


60:39:1 1:1
4 TFA/PhSCH3/PhOH/H2O/EDT/TIS 4.5 h [M]+/[M+138]+


81.5:5:5:5:2.5:1 2:1
5 TFA/PhSCH3/PhOH/H2O/TIS 4.5 h [M]+/[M+138]+


84:5:5:5:1 1:2
6 TFA/TES/H2O 4.5 h [M]+/[M+138]+


92.5:5:2.5 1:1
7 TMSBr/EDT/PhOH/H2O 15 min 0


84:1:5:10
8[a] CH2Cl2/TFA 30 min [M]+/[M+61]+


70:30 4:5


[a] The sample also contained protected tripeptide.
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by-products upon acid-induced deprotection. Isolation of
pure peptides would require purification steps, and so the
use of such building blocks in combinatorial libraries is not
recommended. Most tripeptides, however, could easily be
obtained, thus demonstrating the applicability of the new
building blocks in peptide chemistry.


Experimental Section


General : Melting points: Kofler hot plate microscope, uncorrected. Opti-
cal rotations: Perkin±Elmer 241 polarimeter, temperature control by
H2O bath. 1H NMR: Bruker Avance DPX 250 MHz, TMS as external
standard; chemical shifts (d) are given in ppm (* denotes rotamer peaks).
Analytical thin layer chromatography: alumina plates precoated with
silica gel 60 F254 (Merck); viewing with the aid of UV light or aqueous
KMnO4 solution. Flash chromatography: silica gel Merck-60 (0.040±
0.063 mm). Filtration: Celite¾ 535 (Fluka). FT-IR: Perkin±Elmer 1600
Series. Elemental analysis: Heraeus CHN Rapid. Mass spectroscopy: low
resolution: Fisons CG Platform II; high resolution: Applied Biosystems
Mariner System 5033, spray voltage +700 V. All reagents were obtained
from commercial suppliers and were used without further purification.
THF was distilled from sodium/benzophenone. All reactions involving


LiHMDS, LiAlH4 or 9-BBN were carried out in oven-dried glassware
under inert argon atmosphere. DCM: dichloromethane. DIC: diisopro-
pylcarbodiimide. DIPEA: N,N-diisopropylethylamine. EDT: ethanedi-
thiol. HOBt: N-hydroxybenzotriazole. PDC: pyridinium dichromate.


Methioninol : LiAlH4 (11.0 g, 290 mmol) was suspended in dry THF
(400 mL), and l-methionine (20.0 g, 134 mmol) was then added in small
portions. The gray suspension was heated at reflux overnight. To quench
the reaction, H2O (11 mL), NaOH (15%, 11 mL) and H2O (33 mL) were
added successively. The precipitate was filtered off and the solvent was
removed in vacuo. The residual oil was further purified by distillation in
the Kugelrohr (180 8C, 0.3 mbar) to give methioninol (13.75 g, 76%) as a
colorless oil. Rf = 0.1 (MeOH/AcOEt 1:9) staining yellow with KMnO4;
[a]20


D
�16.18 (c = 1.2, MeOH), literature: �148 (c = 1, EtOH);[16b] 1H


NMR (250 MHz, CDCl3): d = 3.63 (dd, J = 10.7/3.9 Hz, 1H), 3.35 (dd,
J = 10.7/0.7 Hz, 1H), 3.03±2.99 (m, 1H), 2.64±2.58 (m, 2H), 2.27 (br s,
3H), 2.14 (s, 3H), 1.78±1.72 (m, 1H), 1.64±1.58 (m, 1H) ppm; IR (KBr):
ñ = 3346, 2917, 2856, 2592, 1435, 1366, 1318, 1056, 958, 860, 755 cm�1; el-
emental analysis calcd (%) for C5H13NOS (135.23): C 44.41, H 9.69, N
10.36; found: C 44.22, H 9.69, N 10.15.


Benzyl [1-(tert-butyldimethylsilanyloxymethyl)-3-methanesulfinylpropyl]-
carbamate (8): Methioninol (13.75 g, 92 mmol) was dissolved in AcOEt
(300 mL). KHCO3 (27.6 g, 276 mmol) in H2O (300 mL) was added to the
organic phase and the mixture was cooled to 0 8C. Small portions of Cbz-
Cl (15.7 mL, 112 mmol) were added to the vigorously stirred mixture.


Scheme 5. Tripeptides prepared from the building blocks 13a±e, 21a±e, and ent-21e by standard Fmoc solid-phase synthesis (C terminus: carbox-
amide)[19]
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After 30 min the ice bath was removed, the mixture was stirred for a fur-
ther 3 h at room temperature, and the basic aqueous phase was separat-
ed. The organic phase was then washed with HCl (1n), H2O and brine.
After the mixture had been dried over MgSO4 the solvent was evaporat-
ed in vacuo. The crude product was dissolved in DCM (400 mL) contain-
ing imidazole (7.61 g, 112 mmol). The solution was cooled to 0 8C and
tert-butyldimethylsilyl chloride (TBDMS-Cl) (16.85 g, 112 mmol) was
added in small portions. After 30 min the ice bath was removed. The re-
action mixture was stirred at room temperature overnight. The organic
phase was extracted several times with H2O. After evaporation of the or-
ganic solvent, the crude protected amino alcohol was dissolved in MeOH
(300 mL). An aqueous solution (300 mL) of NaIO4 (23.9 g, 112 mmol)
was added dropwise to the MeOH solution over a period of 30 min. A
thick, colorless precipitate was produced. After the mixture had been
stirred for 2 h at room temperature all starting material was consumed.
The solid was filtered off, and after evaporation of MeOH the aqueous
solution was extracted three times with DCM. Finally the organic solvent
was removed, and the remaining oil was purified by column chromatog-
raphy (AcOEt) to give 8 (38.04 g, 94% over three steps) as a colorless
oil. Rf = 0.4 (AcOEt); [a]20


D
�21.68 (c = 0.9, MeOH); 1H NMR


(250 MHz, [D6]DMSO): d = 7.27 (s, 5H), 7.12 (d, J = 7.9 Hz, 1H), 4.98
(s, 2H), 3.54±3.45 (m, 2H), 2.70±2.60 (m, 2H), 2.47 (s, 3H), 1.91±1.82 (m,
1H), 1.67±1.58 (m, 1H), 0.83 (s, 9H), 0.00 (s, 6H) ppm; IR (KBr): ñ =


3252, 3067, 2954, 2856, 1714, 1561, 1472, 1250, 1122, 1022, 837, 699 cm�1;
elemental analysis calcd (%) for C19H33NO4SSi (399.62): C 57.11, H 8.32,
N 3.51; found: C 56.95, H 8.35, N 3.65.


Benzyl [1-(tert-butyldimethylsilanyloxymethyl)allyl]carbamate (9): The
sulfoxide 8 (45.18 g, 113 mmol) was dissolved in o-dichlorobenzene
(300 mL). After addition of powdered CaCO3 (28.6 g, 268 mmol) the stir-
red mixture was heated to reflux at 180 8C until total consumption of the
starting material (4 h). The reaction mixture was cooled to room temper-
ature and filtered over celite, and the solvent was removed by vacuum
distillation (50 8C, 4 mbar). The yellow, viscous residue was purified by
column chromatography (AcOEt/hex 1:10) to give 9 (33.54 g, 88%) as a
colorless oil. Rf = 0.5 (AcOEt/hex 1:10); [a]20


D
�31.78 (c = 3.2, MeOH);


1H NMR (250 MHz, [D6]DMSO): d = 7.32±7.24 (br s, 6H), 5.15 (d, J =


20.6 Hz, 1H), 5.07 (d, J = 12.5 Hz, 1H), 5.00 (s, 2H), 4.09±3.97 (m, 1H),
3.49 (d, J = 6.3 Hz, 2H), 0.82 (s, 9H), 0.00 (s, 6H) ppm; IR (KBr): ñ =


3445, 3332, 2956, 2857, 1716, 1646, 1505, 1471, 1256, 1115, 992, 921, 836,
778, 696, 699 cm�1; elemental analysis calcd (%) for C18H29NO3Si
(335.51): C 64.44, H 8.71, N 4.17; found: C 64.18 H 8.78 N 4.38.


General procedure for the synthesis of Suzuki products 10a±f : prepara-
tion of Suzuki product 10a : Compound 9 (1.5 g, 4.5 mmol) was dissolved
in dry 1,4-dioxane (15 mL). After addition of 9-BBN (0.6 g, 5.0 mmol),
the stirred mixture was heated to 80 8C and kept at this temperature for
about 20 min until TLC showed complete hydroboration. After the addi-
tion of CsF (2.04 g, 13.4 mmol), Pd[dppf]Cl2 (110 mg, 0.13 mmol) and 2-
bromo-6-methoxy-naphthalene (1.33 g, 5.6 mmol), the resulting heteroge-
neous mixture was stirred overnight at 80 8C. For the isolation of the cou-
pling product the mixture was extracted with H2O and AcOEt. The or-
ganic phase was then evaporated and the residue was adsorbed on SiO2.
The crude product was purified by chromatography (AcOEt/hex 1:10) to
give 10a (2.14 g, 97%) as a colorless oil. Rf = 0.4 (AcOEt/hex 1:10);
[a]20


D
�26.28 (c = 0.9, MeOH); 1H NMR (250 MHz, [D6]DMSO): d =


7.94±7.71 (m, 2H), 7.61 (s, 1H), 7.56±7.26 (m, 7H), 7.17±7.10 (m, 2H),
5.04 (s, 2H), 3.87 (s, 3H), 3.57±3.46 (m, 3H), 2.79±2.66 (m, 2H), 1.99±
1.87 (m, 1H), 1.70±1.67 (m, 1H), 0.86 (s, 9H), 0.00 (s, 6H) ppm; IR
(KBr): ñ = 2954, 2857, 1728, 1714, 1607, 1505, 1470, 1470, 1392, 1229,
1118, 836, 777 cm�1; elemental analysis calcd (%) for C29H39NO4Si
(493.71): C 70.55, H 7.96, N 2.84; found: C 70.31, N 8.03, H 3.04.


Compound 10b : yield: 88%; Rf = 0.2 (AcOEt/hex 1:3); [a]20
D
�28.88 (c


= 1.1, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.92 (s, 1H), 8.08
(s, 1H), 7.99 (d, J = 8.3 Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.70 (t, J =


6.8/1.4 Hz, 1H), 7.54 (t, J = 7.9/7.0 Hz, 1H), 7.36 (br s, 5H), 7.22 (d, J =


8.6 Hz, 1H), 5.03 (s, 2H), 3.56±3.51 (m, 3H), 2.88±2.70 (m, 2H), 2.00±
1.74 (m, 2H), 0.82 (s, 9H), 0.00 (s, 6H) ppm; IR (KBr): ñ = 3326, 3034,
2953, 2857, 1716, 1540, 1497, 1463, 1388, 1330, 1251, 1116, 1058, 836, 778,
752, 697 cm�1; elemental analysis calcd (%) for C27H36N2O3Si (464.67): C
69.79, H 7.81, N 6.03; found: C 69.52, H 7.98, N 5.96.


Compound 10c : yield: 95%; Rf = 0.5 (AcOEt/hex 1:10); [a]20
D
�16.08 (c


= 1.1, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.86 (d, J =


7.8 Hz, 1H), 8.80 (d, J = 5.8 Hz, 1H), 8.16 (d, J = 7.5 Hz, 1H), 7.86 (d,
J = 6.3 Hz, 1H), 7.72±7.61 (m, 5H), 7.41±7.30 (m, 6H), 5.09 (s, 2H),
3.64±3.51 (m, 3H), 2.36±2.31 (m, 1H), 2.05±2.00 (m, 1H), 1.78±1.73 (m,
2H), 0.83 (s, 9H), 0.00 (s, 6H) ppm; IR (KBr): ñ = 3338, 3066, 3032,
2926, 2855, 2366, 1698, 1506, 1453, 1252, 1064, 838, 778, 778, 747, 726,
696 cm�1; elemental analysis calcd (%) for C32H39NO3Si (513.74): C
74.81, H 7.65, N 2.73; found: C 74.68, H 7.92, N 2.78.


Compound 10d : yield: 95%; Rf = 0.2 (AcOEt/hex 1:10); [a]20
D
�25.08 (c


= 0.9, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.06 (d, J =


6.2 Hz, 1H), 7.94±7.90 (m, 1H), 7.76 (d, J = 7.9 Hz, 2H), 7.54±7.50 (m,
2H), 7.42±7.28 (m, 7H), 5.05 (s, 2H), 3.61±3.45 (m, 3H), 3.25±2.92 (m,
2H), 1.74±1.50 (m, 2H), 0.87 (s, 9H), 0.00 (s, 6H) ppm; IR (KBr): ñ =


3341, 2954, 2857, 1715, 1635, 1607, 1506, 1464, 1390, 1262, 1230, 1120,
878, 778 cm�1; elemental analysis calcd (%) for C28H37NO3Si (463.68): C
72.53, H 8.04, N 3.02; found: C 72.26, H 8.14, N 3.14.


Compound 10e : yield: 93%; Rf = 0.1 (AcOEt/hex 1:10); [a]20
D
�23.48 (c


= 0.9, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 7.91 (d, J =


8.5 Hz, 1H), 7.60 (d, J = 3.7 Hz, 2H), 7.37±7.35 (br s, 5H), 7.12 (m, 2H),
6.61 (d, J = 3.6 Hz, 1H), 5.03 (s, 2H), 3.57±3.44 (m, 3H), 2.75±2.63 (m,
2H), 1.87±1.72 (m, 2H), 1.62 (s, 9H), 0.83 (s, 9H), 0.00 (s, 6H) ppm; IR
(KBr): ñ = 3358, 2956, 2856, 1706, 1506, 1470, 1348, 1250, 1160, 847, 766,
670 cm�1; elemental analysis calcd (%) for C31H44N2O5Si (552.78): C
67.36, H 8.02, N 5.07; found: C 67.33, H 8.27, N 4.96.


Compound 10 f : yield: 83%; Rf = 0.5 (AcOEt/hex 1:10); [a]20
D


+1.78 (c
= 1.1, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.45 (s, 1H), 8.30
(d, J = 6.7 Hz, 2H), 8.06 (d, J = 4.4 Hz, 2H), 7.50±7.28 (m, 10H), 5.09
(s, 2H), 3.69±3.54 (m, 3H), 2.33±2.28 (m, 1H), 2.00±1.92 (m, 1H), 1.83±
1.73 (m, 2H), 0.83 (s, 9H), 0.00 (s, 6H) ppm; IR (KBr): ñ = 3315, 3059,
2952, 2855, 2366, 1693, 1542, 1470, 1290, 1249, 1122, 1060, 836, 776,
726 cm�1; elemental analysis calcd (%) for C32H39NO3Si (513.74): C
74.81, H 7.65, N 2.73; found: C 74.56, H 7.74, N 2.71.


General procedure for the synthesis of the alcohols 11a±f : preparation of
alcohol 11a : The protected amino alcohol 10a (2.13 g, 4.3 mmol) was dis-
solved in TBAF in THF (1m, 10 mL, 10 mmol) and the mixture was stir-
red for 4 h at room temperature. After addition of H2O, the mixture was
extracted with AcOEt. The crude product was isolated from the organic
phase and purified by column chromatography (AcOEt/hex 1:1) to give
11a (1.26 g, 77%) as a colorless solid. Rf = 0.2 (AcOEt/hex 1:1); m.p.
101±103 8C; [a]20


D
�17.48 (c = 0.5, MeOH); 1H NMR (250 MHz,


[D6]DMSO): d = 7.73 (d, J = 7.1 Hz, 2H), 7.59 (s, 1H), 7.39±7.27 (m,
7H), 7.12 (d, J = 6.4 Hz, 2H), 5.05 (s, 2H), 4.66 (t, J = 5.5 Hz, 1H),
3.87 (s, 3H), 3.50±3.25 (m, 3H), 2.84±2.60 (m, 2H), 1.93±1.89 (m, 1H),
1.71±1.66 (m, 1H) ppm; IR (KBr): ñ = 3449, 3311, 3061, 2939, 2911,
2370, 1684, 1606, 1541, 1483, 1389, 1265, 1232, 1175, 852, 697 cm�1; ele-
mental analysis calcd (%) for C23H25NO4 (379.45): C 72.80, H 6.64, N
3.69; found: C 72.88, H 6.68, N 3.71.


Compound 11b : yield: 84%; Rf = 0.3 (AcOEt); m.p. 102±104 8C; [a]20
D


�20.38 (c = 0.6, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.81 (s,
1H), 8.13 (s, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H),
7.70 (t, J = 5.4/1.5 Hz, 1H), 7.61 (t, J = 6.9 Hz, 1H), 7.42±7.35 (br s,
5H), 7.20 (d, J = 8.3 Hz, 1H), 5.07 (s, 2H), 4.74 (t, J = 5.5 Hz, 1H),
3.54±3.32 (m, 3H), 2.90±2.78 (m, 2H), 2.03±1.73 (m, 2H) ppm; IR (KBr):
ñ = 3322, 3206, 3035, 2953, 1959, 1680, 1528, 1467, 1331, 1308, 1253,
1073, 1051, 961, 880, 782, 732 cm�1; elemental analysis calcd (%) for
C21H22N2O3 (350.41): C 71.98, H 6.33, N 7.99; found: C 71.72, H 6.32, N
7.82.


Compound 11c : yield: 75%; Rf = 0.6 (AcOEt/hex 1:1); m.p. 156 8C;
[a]20


D
�6.78 (c = 0.7, MeOH); 1H NMR (250 MHz, [D6]DMSO): d =


8.89 (d, J = 7.1 Hz, 1H), 8.81 (d, J = 6.7 Hz, 1H), 8.18 (d, J = 6.9 Hz,
1H), 7.92±7.88 (m, 1H), 7.76±7.64 (m, 5H), 7.43±7.28 (m, 6H), 5.11 (s,
2H), 4.73 (t, J = 5.5 Hz, 1H), 3.66 (m, 1H), 3.52±3.38 (m, 2H), 3.22±3.06
(m, 2H), 2.06±1.86 (m, 2H) ppm; IR (KBr): ñ = 3328, 3063, 2851, 1685,
1534, 1451, 1258, 1069, 1025, 959, 869, 744, 722 cm�1; elemental analysis
calcd (%) for C26H25NO3 (399.48): C 78.17, H 6.31, N 3.51; found: C
77.98, H 6.31, N 3.70.


Compound 11d : yield: 69%; Rf = 0.4 (AcOEt/hex 1:1); m.p. 96±105 8C;
[a]20


D
�6.28 (c = 0.9, MeOH); 1H NMR (250 MHz, [D6]DMSO): d =


8.11 (t, J = 5.1/4.0 Hz, 1H), 7.95 (m, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.55
(m, 2H), 7.48±7.33 (m, 7H), 7.27 (d, J = 8.5 Hz, 1H), 5.10 (s, 2H), 4.71
(t, J = 5.5 Hz, 1H), 3.61±3.49 (m, 1H), 3.47±3.39 (m, 2H), 3.20±3.00 (m,
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2H), 1.95±1.78 (m, 2H) ppm; IR (KBr): ñ = 3293, 3061, 2934, 1953,
1730, 1596, 1509, 1478, 1454, 1411, 1244, 1026, 940, 800, 737 cm�1; ele-
mental analysis calcd (%) for C22H23NO3 (349.42): C 75.62, H 6.63, N
4.01; found 75.39, H 6.86, N 4.21.


Compound 11e : yield: 83%; Rf = 0.2 (AcOEt/hex 1:1); m.p. 101±103 8C;
[a]20


D
�16.18 (c = 1.2, MeOH); 1H NMR (250 MHz, [D6]DMSO): d =


7.94 (d, J = 8.5 Hz, 1H), 7.63 (d, J = 3.7 Hz, 1H), 7.40±7.32 (br s, 6H),
7.13 (t, J = 10.3/9.0 Hz, 1H), 6.64 (d, J = 3.6 Hz, 1H), 5.04 (s, 2H), 4.65
(t, J = 5.5 Hz, 1H), 3.46±3.23 (m, 2H), 2.77±2.55 (m, 2H), 1.88±1.84 (m,
2H), 1.80±1.70 (br s, 10H) ppm; IR (KBr): ñ = 3332, 2959, 2860, 1949,
1732, 1690, 1534, 1470, 1384, 1328, 1257, 1130, 1054, 891, 841, 765, 726,
697 cm�1; elemental analysis calcd (%) for C25H30N2O5¥0.5H2O (447.53):
C 67.10, H 6.98, N 6.26; found: C 67.17, H 6.79, N 6.38.


Compound 11 f : yield: 68%; Rf = 0.4 (AcOEt/hex 1:1); m.p. 135 8C;
[a]20


D
+19.78 (c = 0.8, MeOH); 1H NMR (250 MHz, [D6]DMSO): d =


8.50 (s, 1H), 8.38±8.34 (m, 2H), 8.13±8.09 (m, 2H), 7.59±7.35 (m, 10H),
5.20 (s, 2H), 4.77 (t, J = 5.6, 1H), 3.80 (br s, 1H), 3.67±3.41 (m, 4H),
2.02±1.95 (m, 2H) ppm; IR (KBr): ñ = 3319, 3057, 2946, 1694, 1540,
1452, 1349, 1286, 1243, 1149, 1067, 1038, 879, 836, 729, 696 cm�1; elemen-
tal analysis calcd (%) for C26H25NO3 (399.48): C 78.17, H 6.31, N 3.51;
found: C 77.97, H 6.42, N 3.70.


General procedure for the synthesis of the alcohols 12a±f : preparation of
alcohol 12a : The Cbz-protected alcohol 11a (707.8 mg, 1.9 mmol), 1.4-cy-
clohexadiene (873 mL, 9.3 mmol) and Pd(OH)2 (53 mg, 0.38 mmol) were
heated at reflux in ethanol (25 mL). After complete conversion of the
starting material (TLC monitoring), the catalyst was removed by filtra-
tion over celite. The filtrate was concentrated in vacuo and redissolved in
AcOEt (25 mL) and EtOH (15 mL). The addition of Fmoc-Suc (705 mg,
2.1 mmol) followed and the clear solution was stirred at room tempera-
ture. After 30 min a colorless precipitate of 12a was produced. The solid
was isolated by filtration to give the Fmoc-protected amino alcohol 12a
(699.7 mg, 80%). Rf = 0.3 (AcOEt/hex 1:1); m.p. 196±197 8C; [a]20


D


�10.58 (c = 0.7, DMF); 1H NMR (250 MHz, [D6]DMSO): d = 7.93 (d,
J = 7.3 Hz, 2H), 7.79±7.73 (m, 4H), 7.62 (s, 1H), 7.48±7.29 (m, 6H), 7.16
(t, J = 6.5/2.4 Hz, 2H), 4.69 (t, J = 5.5 Hz, 1H), 4.41±4.27 (m, 3H), 3.89
(s, 3H), 3.51±3.31 (m, 3H), 2.80±2.68 (m, 2H), 1.94±1.73 (m, 2H) ppm;
IR (KBr): ñ = 3327, 3052, 2933, 1957, 1913, 1689, 1607, 1538, 1451, 1390,
1291, 1264, 1158, 1087, 1032, 966, 901, 851, 760 cm�1; elemental analysis
calcd (%) for C30H29NO4 (467.56): C 77.06, H 6.25, N 3.00; found: C
76.92, H 6.22, N 3.21.


Compound 12b : yield: 84%; Rf = 0.3 (AcOEt), m.p. 158±159 8C; [a]20
D


�11.38 (c = 0.7, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.78 (s,
1H), 8.11±7.18 (m, 15H), 4.70 (br s, 1H), 4.42±4.21 (m, 3H), 3.43±3.39
(m, 2H), 2.85±2.67 (m, 2H), 1.95±1.71 (m, 2H) ppm; IR (KBr): ñ =


3333, 2931, 1959, 1702, 1676, 1531, 1450, 1254, 1048, 739 cm�1; elemental
analysis calcd (%) for C28H26N2O3¥0.3AcOEt (464.95): C 75.43, H 6.16, N
6.02; found: C 75.20, H 6.18, N 6.20.


Compound 12c : yield: 74%; Rf = 0.3 (AcOEt/hex 1:1); m.p. 195±196 8C;
[a]20


D
+5.98 (c = 0.5, DMF); 1H NMR (250 MHz, [D6]DMSO): d = 8.73


(d, J = 7.3 Hz, 1H), 8.64 (d, J = 6.8 Hz, 1H), 8.03 (d, J = 7.0 Hz, 1H),
7.78±7.72 (m, 3H), 7.64±7.46 (m, 7H), 7.29±7.15 (5H), 4.55 (br s, 1H),
4.28±4.13 (m, 4H), 3.48±2.87 (m, 4H), 1.88±1.85 (m, 2H) ppm; IR (KBr):
ñ = 3313, 3063, 2947, 2870, 2364, 1918, 1692, 1542, 1450, 1334, 1291,
1246, 886, 738 cm�1; elemental analysis calcd (%) for C33H29NO3 (487.59):
C 81.29, H 5.99, N 2.87; found: C 81.04, H 5.95, N 3.05.


Compound 12d : yield: 57%; Rf = 0.3 (AcOEt/hex 1:1); m.p. 196±197 8C;
[a]20


D
+0.78 (c = 0.8, MeOH/AcOEt 1:9); 1H NMR (250 MHz,


[D6]DMSO): d = 8.11±8.08 (m, 1H), 7.94±7.89 (m, 3H), 7.77 (d, J =


7.5 Hz, 3H), 7.56±7.27 (m, 9H), 4.68 (t, J = 5.5 Hz, 1H), 4.42±4.27 (m,
3H), 3.60 (br s, 1H), 3.48±3.33 (m, 2H), 3.13±2.98 (m, 2H), 1.92±1.76 (m,
2H) ppm; IR (KBr): ñ = 3482, 3336, 3066, 2947, 2873, 2366, 1677, 1546,
1451, 1399, 1342, 1286, 1259, 1286, 1259, 1142, 1088, 1070, 779, 739 cm�1;
elemental analysis calcd (%) for C29H27NO3î0.5H2O (446.53): C 78.00,
H 6.32, N 3.14; found: C 78.12, H 6.25, N 3.13.


Compound 12e : yield: 58%; Rf = 0.3 (AcOEt/hex 1:1); m.p. 64 8C; [a]20
D


�4.98 (c = 0.4, AcOEt); 1H NMR (250 MHz, [D6]DMSO): d = 7.96 (t,
J = 9.2/8.8 Hz, 3H), 7.77 (d, J = 7.0 Hz, 2H), 7.65 (d, J = 3.6 Hz, 1H),
7.48±7.34 (m, 5H), 7.17 (t, J = 8.2/7.4 Hz, 2H), 6.66 (d, J = 3.6 Hz, 1H),
4.67 (t, J = 5.5/5.1 Hz, 1H), 4.40±4.28 (m, 3H), 3.46±3.26 (m, 3H), 2.75±
2.66 (m, 2H), 2.02±1.90 (m, 11H) ppm; IR (KBr): ñ = 3329, 2977, 2928,


2863, 2364, 1813, 1793, 1734, 1689, 1541, 1472, 1374, 1350, 1257, 1220,
1165, 1131, 1085, 1032, 760, 739 cm�1; elemental analysis calcd (%) for
C32H34N2O5¥1H2O (544.64): C 70.57, H 6.66, N 5.14; found: C 70.57, H
6.69, N 5.20.


Compound 12 f : yield: 68%; Rf = 0.3 (AcOEt/hex 1:1); m.p. 221 8C;
[a]20


D
�30.78 (c = 0.4, DMF); 1H NMR (250 MHz, [D6]DMSO): d = 8.48


(s, 1H), 8.36±8.32 (m, 2H), 8.10±8.07 (m, 2H), 7.93±7.88 (m, 2H), 7.82
(d, J = 7.2 Hz, 2H), 7.54±7.50 (m, 4H), 7.45±7.29 (m, 5H), 4.75 (t, J =


5.5 Hz, 1H), 4.50±4.28 (m, 3H), 3.79 (br s, 1H), 3.60±3.38 (m, 4H), 2.00±
1.82 (m, 2H) ppm; IR (KBr): ñ = 3307, 3060, 2955, 2372, 1695, 1547,
1450, 1286, 1249, 1149, 1039, 879, 736 cm�1; elemental analysis calcd (%)
for C33H29NO3¥0.75H2O (501.11): C 79.04, H 6.13, N 2.80; found 78.94, H
6.09, N 2.80.


General procedure for the synthesis of the carboxylic acids 13a±f : prepa-
ration of acid 13a : The Fmoc-protected alcohol 12a (649.4 mg, 1.4 mmol)
was dissolved in DMF (20 mL). PDC (3.13 g, 8.3 mmol) was added to
this clear solution, which was stirred overnight at room temperature.
After completion of the reaction the dark solution was extracted with
H2O and AcOEt. The combined organic phases were washed with aque-
ous Na2S2O5. The organic phase was evaporated and the residue was ad-
sorbed onto SiO2. The crude product was purified by column chromatog-
raphy (MeOH/AcOEt 1:9) to give 13a (390 mg, 58%) as a solid. Rf =


0.3 (MeOH/AcOEt 1:9); m.p. 190±195 8C; [a]20
D


+19.58 (c = 0.6, DMF/
MeOH/AcOEt 1:3:6); 1H NMR (250 MHz, [D6]DMSO): d = 7.91 (d, J
= 6.2 Hz, 2H), 7.71±7.67 (m, 4H), 7.55 (s, 1H), 7.41±7.32 (m, 6H), 7.10
(m, 2H), 4.35±4.23 (m, 4H), 3.85 (s, 3H), 2.2±1.9 (m, 2H) ppm; IR
(KBr): ñ = 3422, 3062, 2934, 2370, 1701, 1607, 1578, 1543, 1508, 1458,
1450, 1420, 1390, 1340, 1264, 1229, 1081, 1033, 740 cm�1; MS (ESI) m/z
(%): 480.3 (100) [M�H]+ , 227.8 (83) [M�H�Fmoc]+ ; C30H27NO5 calcd
481.54; elemental analysis calcd (%) for C30H27NO5¥1.75H2O (513.04): C
70.23, H 5.99, N 2.73; found 69.94, H 5.70, N 3.03.


Compound 13b : yield: 79%; Rf = 0.3 (MeOH/AcOEt 1:2); m.p. 181±
184 8C; [a]20


D
+11.88 (c = 0.3, MeOH/AcOEt 1:2); 1H NMR (250 MHz,


[D6]DMSO): d = 9.19 (s, 1H), 8.89 (s, 1H), 8.38 (m, 2H), 8.22 (d, J =


7.7 Hz, 1H), 8.03 (m, 1H), 7.92±7.74 (m, 5H), 7.42±7.34 (m, 4H), 4.32±
4.22 (m, 3H), 4.02 (m, 1H), 3.17 (m, 2H), 2.21±1.99 (m, 2H) ppm; IR
(KBr): ñ = 3400, 3062, 2947, 2368, 1702, 1604, 1498, 1450, 1420, 1332,
1254, 1130, 1053, 740, 670 cm�1; MS (ESI) m/z (%): 453.3 (100) [M+H]+ ;
C28H24N2O4 calcd 452.2.


Compound 13c : yield: 86%; Rf = 0.3 (MeOH/AcOEt 1:9); m.p. 135±
140 8C; [a]20


D
+16.68 (c = 0.7, MeOH/AcOEt 1:2); 1H NMR (250 MHz,


[D6]DMSO): d = 8.88 (d, J = 9.3 Hz, 1H), 8.80 (d, J = 8.7 Hz, 1H),
8.20 (d, J = 9.2 Hz, 1H), 7.96±7.87 (m, 6H), 7.81±7.59 (m, 5H), 7.46±
7.35 (m, 4H), 4.37±4.32 (m, 3H), 4.13 (m, 1H), 3.24±3.17 (m, 2H), 2.16
(m, 2H) ppm; IR (KBr): ñ = 3403, 3063, 2931, 2372, 1953, 1718, 1663,
1596, 1496, 1449, 1414, 1330, 1246, 1146, 1050, 741 cm�1; MS (ESI) m/z
= 524.1896 [M+Na]+ ; C33H27NO4Na calcd 524.1838.


Compound 13d : yield: 56%; Rf = 0.3 (AcOEt); m.p. 156±157 8C; [a]20
D


+19.48 (c = 0.2, MeOH/AcOEt 1:4); 1H NMR (250 MHz, [D6]DMSO):
d = 8.10 (s, 1H), 7.96 (s, 1H), 7.91 (d, J = 8.6 Hz, 2H), 7.76 (d, J =


7.6 Hz, 2H), 7.51±7.31 (m, 10H), 4.38±4.26 (m, 3H), 3.95 (m, 1H), 3.06
(m, 2H), 2.07 (m, 2H) ppm; IR (KBr): ñ = 3407, 3063, 2934, 2368, 1718,
1664, 1596, 1510, 1450, 1417, 1334, 1247, 1080, 1054, 740 cm�1; MS (ESI)
m/z (%): 450.3 (50) [M�H]+ , 227.8 (100) [M�H�Fmoc]+ ; C29H25NO4
calcd 451.2; elemental analysis calcd (%) for C29H25NO4¥1.25 -
H2O¥0.25DMF (492.28): C 72.58, H 5.99, N 3.56; found 72.53, H 5.62, N 3.71.


Compound ent-13d : yield: 53%; Rf = 0.3 (AcOEt); m.p. 154±155 8C;
[a]20


D
�19.18 (c = 0.4, MeOH/AcOEt 1:4); NMR and IR spectra are iden-


tical with those of compound 13d.


Determination of ee : Column: Daicel Chiralcel OJ-R 150î4.6 mm;
eluent: aqueous 0.1% trifluoroacetic acid/acetonitrile 40:60, flow rate
0.5 mLmin�1; detection: UV, 254 nm; Rt 13d : 9.03 min, Rt ent-13d :
11.52 min.


Compound 13e : yield: 79%; Rf = 0.3 (AcOEt); m.p. 158±160 8C; [a]20
D


+18.68 (c = 1, MeOH/AcOEt 1:4); 1H NMR (250 MHz, [D6]DMSO): d
= 7.96±7.90 (m, 4H), 7.70 (s, 1H), 7.57 (d, J = 3.3 Hz, 2H), 7.39±7.33
(m, 5H), 7.11±7.08 (d, J = 7.9 Hz, 4H), 6.57 (s, 1H), 4.34±4.21 (m, 3H),
3.85 (m, 1H), 2.64 (m, 2H), 1.92 (m, 2H), 1.59 (9H) ppm; IR (KBr): ñ
= 3405, 2977, 2931, 1729, 1665, 1590, 1508, 1450, 1374, 1256, 1164, 1131,
1023, 740 cm�1; MS (ESI) m/z (%): 539.2 (50) [M�H]+ , 317.3 (100)
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[M�H�Fmoc]+ ; C32H32N2O6 calcd 540.2; elemental analysis calcd (%)
for C32H32N2O6¥1.2H2O¥0.4DMF (591.44): C 67.42, H 6.34, N 5.68; found
67.25, H 5.94, N 6.00.


N-Cbz-(S,S)-Pseudoephedrine-allylglycine compound (17): Et3N
(9.56 mL, 69 mmol) was added dropwise by syringe to a solution of the
allylglycine derivative 15[9b] (15.0 g, 57 mmol) in CHCl3 (250 mL, argon
atmosphere). After the mixture had been stirred at room temperature for
30 min, Cbz-Cl (9.67 mL, 69 mmol) was added slowly at 0 8C. The reac-
tion mixture was allowed to warm up to room temperature and stirred
for 18 h. At this point saturated aqueous NaHCO3 solution was added
(100 mL) and the mixture was stirred for 20 min. The organic phase was
separated and washed with saturated NaHCO3 solution (100 mL). After
reextraction of the combined aqueous layers (twice with 100 mL DCM),
the combined organic layers were evaporated in vacuo. The resulting
yellow oil was purified by gradient column chromatography (AcOEt/hex
1:1, AcOEt), providing 17 as a pale yellow oil in 96% yield (21.68 g). Rf


= 0.5 (AcOEt/hex 1:1); [a]20
D


+53.98 (c = 0.3, MeOH); 1H NMR
(250MHz, [D6]DMSO): d = 7.54 (d, J = 8.8 Hz, 1H), 7.53±7.23 (m, 10H),
5.91±5.69 (m, 1H), 5.26±4.94 (m, 4H), 4.69±4.46 (m, 2H), 4.17±4.00 (m,
1H), 2.82 (s*, 3H), 2.46±2.24 (m, 2H), 0.83 (d*, J = 6.6 Hz, 3H) ppm;
IR (KBr): ñ = 3416, 3032, 1717, 1630, 1508, 1455, 1411, 1253, 1112, 1049,
919, 756, 700 cm�1; elemental analysis calcd: (%) for C23H28N2O4
(396.47): C 69.67, H 7.12, N 7.07; found: C 69.42, H 7.01, N 6.92.


General procedure for Suzuki cross-coupling reactions of compound 17:
preparation of the 2-pyridyl derivative (19a): A three-necked, round-bot-
tomed flask was charged with 17 (2.0 g, 5.1 mmol) under argon atmos-
phere. 9-BBN (24.3 mL of 0.5m in THF, 12.2 mmol) was added and the
mixture was stirred at room temperature. After total consumption of the
starting material (15 min), [Pd(PPh3)4] (291 mg, 5 mol%) was added, fol-
lowed by aqueous K3PO4 solution (3m, 5 mL) and 2-bromopyridine
(517 mL, 5.3 mmol). The resulting mixture was stirred for another 16 h at
room temperature. The mixture was diluted with Et2O (10 mL) and ex-
tracted four times with saturated NaHCO3 solution. The combined aque-
ous solutions were extracted twice with Et2O (20 mL). The organic layers
were combined and concentrated in vacuo. The resulting viscous residue
was purified by column chromatography on silica gel eluting with a gradi-
ent (AcOEt/hex 1:1, AcOEt) to afford product 19a as a colorless foam
(2.16 g, 90%). Rf = 0.5 (DCM/MeOH 20:1); [a]20


D
+56.58 (c = 0.1,


MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.5±7.2 (m, 15H), 5.50
(d, 1H, J = 3.7 Hz), 5.07±4.93 (m, 2H), 4.58±4.47 (m, 2H), 4.14±4.05 (m,
1H), 2.84±2.65 (m, 5H), 1.77±1.44 (m, 4H), 0.82 (d*, 3H, J =


6.4 Hz) ppm; IR (KBr): ñ = 3402, 3287, 3062, 3031, 2935, 2863, 1715,
1630, 1528, 1496, 1477, 1454, 1436, 1409, 1247, 1119, 1050, 1027, 911, 838,
753, 700, 612 cm�1; elemental analysis calcd (%) for C28H33N3O4¥0.3H2O
(480.65): C 69.92, H 7.04, N 8.74; found: C 69.97, H 7.11, N 8.39.


Compound 19b : yield: 38%; Rf = 0.5 (DCM/MeOH 20:1); [a]20
D


+53.38
(c = 0.6, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.48±8.37 (m,
1H), 7.66±7.18 (m, 13H), 5.51 (d, 1H, J = 3.7 Hz), 5.09±4.91 (m, 2H),
4.62±4.37 (m, 2H), 4.19±4.07 (m, 1H), 2.88±2.52 (m, 5H), 1.66±1.35 (m,
4H), 0.83 (d*, J = 6.3 Hz, 3H) ppm; IR (KBr): ñ = 3406, 2933, 1718,
1629, 1528, 1456, 1412, 1351, 1245, 1116, 1049, 755, 700, 611 cm�1; ele-
mental analysis calcd (%) for C28H33N3O4¥0.95AcOEt (558.95): C 68.29,
H 7.32, N 7.51; found: C 68.02, H 7.02, N 7.77.


Compound 19c : yield: 88%; Rf = 0.5 (DCM/MeOH 20:1); [a]20
D


+58.18
(c = 0.5, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.72 (dd, 2H,
J = 4.9/4.1 Hz), 7.55±7.27 (m, 12H, J = 4.9 Hz), 5.48 (d, 1H, J =


3.7 Hz), 5.07±4.93 (m, 2H), 4.75±4.65 (m, 2H), 4.18±4.00 (m, 1H), 2.90±
2.78 (m, 5H,), 1.85±1.50 (m, 4H), 0.83 (d*, 3H, J = 6.5 Hz) ppm; IR
(KBr): ñ = 3336, 3063, 2936, 1711, 1639, 1561, 1529, 1491, 1453, 1423,
1376, 1249, 1199, 1101, 1046, 912, 818, 754, 698, 636, 582 cm�1; elemental
analysis calcd (%) for C27H32N4O4¥0.50H2O (485.24): C 66.79, H 6.85, N
11.54; found: C 66.95, H 6.87, N 11.21.


Compound 19d : yield: 27%; Rf = 0.5 (DCM/MeOH 20:1); [a]20
D


+61.28
(c = 0.5, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 9.04 (d, 1H, J
= 1.9 Hz), 8.66 (m, 2H), 7.42±7.24 (m, 11H), 5.57 (d, 1H, J = 4.1 Hz),
5.08±4.93 (m, 2H), 4.62±4.41 (m, 2H), 4.18±4.00 (m, 1H), 2.88±2.52 (m,
5H), 1.69±1.41 (m, 4H), 0.83 (d*, 3H, J = 6.6 Hz) ppm; IR (KBr): ñ =


3396, 3291, 3031, 2936, 2866, 1713, 1632, 1563, 1530, 1496, 1454, 1410,
1375, 1250, 1122, 1049, 911, 838, 756, 728, 701, 635, 612 cm�1; MS (ESI)
m/z = 477.2345 [M+H]+ ; C27H33N4O4 calcd 477.2502.


Compound 19e : yield: 86%; Rf = 0.5 (DCM/MeOH 20:1); [a]20
D


+58.28
(c = 0.5, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 8.60±8.50 (m,
2H, J = 2.5 Hz), 8.48 (d, 1H, J = 2.5 Hz), 7.60±7.25 (m, 12H), 5.50 (d,
1H, J = 3.7 Hz), 5.35±4.90 (m, 2H), 4.75±4.45 (m, 2H), 4.20±4.05 (m,
1H), 2.90±2.65 (m, 5H), 1.85±1.40 (m, 4H), 0.83 (d*, 3H, J =


6.5 Hz) ppm; IR (KBr): ñ = 3407, 3062, 2934, 1718, 1636, 1526, 1497,
1476, 1456, 1405, 1245, 1120, 1050, 1017, 912, 836, 757, 700, 610 cm�1; ele-
mental analysis calcd (%) for C27H32N4O4¥0.45H2O (484.34): C 66.91, H
6.84, N 11.56; found: C 66.95, H 6.75, N 11.36.


General procedure for the deprotection of amino acids : preparation of
20a : A flask filled with argon was charged with MeOH (20 mL), 19a
(5.9 g, 12.4 mmol) and Pd/C (10%, 700 mg). After replacement of argon
by hydrogen (normal pressure), the mixture was vigorously stirred for
16±24 h (depending on the activity of the catalyst) at room temperature
until total consumption of the starting material. The reaction mixture
was then filtrated over celite


¾


and washed with MeOH, and the resulting
organic layer was concentrated in vacuo. The oily residue was suspended
in H2O (40 mL) and heated at reflux for 24 h to remove the chiral auxili-
ary. After cooling to room temperature, the mixture was extracted five
times with DCM. The aqueous solution was concentrated in vacuo and
the resulting oily residue crystallized from MeOH/AcOEt/hexanes/Et2O
to yield a colorless solid (1.5 g, 62% over two steps). Rf = 0.2 (H2O);
m.p. 192 8C; [a]20


D
+7.08 (c = 0.4, MeOH); 1H NMR (250 MHz,


[D6]DMSO): d = 8.39±8.33 (m, 1H), 7.76±7.69 (m, 1H), 7.39±7.19 (m,
2H), 3.73±3.64 (m, 1H), 2.84±2.70 (m, 2H), 1.87±1.66 (m, 4H) ppm; IR
(KBr): ñ = 3017, 2934, 2862, 2594, 2112, 1631, 1587, 1520, 1477, 1459,
1439, 1406, 1352, 1308, 1232, 1201, 1157, 1129, 1065, 1050, 1015, 998, 882,
846, 827, 784, 755, 737, 671, 634, 605 cm�1; elemental analysis calcd (%)
for C10H14N2O2¥0.3MeOH (203.72): C 60.69, H 7.52, N 13.74; found: C
60.81, H 6.75, N 13.68.


Compound 20e : yield: 63% (over two steps); Rf = 0.4 (H2O);
m.p. 246 8C; [a]20


D
+3.98 (c = 0.3, MeOH); 1H NMR (250 MHz,


[D6]DMSO): d = 8.49 (d, J = 3.6H, 2H), 8.41 (d, J = 2.6 Hz, 1H),
3.40±3.35 (m, 1H), 2.79±2.74 (m, 2H), 1.80±1.61 (m, 4H) ppm; IR (KBr):
ñ = 3444, 3042, 2956, 2602, 2133, 1584, 1519, 1407, 1355, 1355, 1327,
1161, 1134, 1062, 1019, 828, 670 cm�1; elemental analysis calcd (%) for
C9H13N3O2 (195.10): C 55.37, H 6.71, N 21.52; found: C 55.41, H 6.72, N
21.33.


First procedure for Fmoc-protection : preparation of 21a : Compound 20a
(500 mg, 2.57 mmol) was suspended in DCM (15 mL) under argon and
TMS-Cl (651 mL, 5.15 mmol) was added dropwise. Within 30 min the sus-
pension dissolved to form a pale yellow solution. At that point DIPEA
(761 mL, 4.45 mmol) and Fmoc-Cl (665 mg, 2.57 mmol) were added and
the resulting mixture was stirred at room temperature for 16 h. The reac-
tion mixture was diluted with aqueous NaHCO3 solution (2.5%, 15 mL)
and Et2O (15 mL). The aqueous layer was extracted four times with
Et2O. The combined organic layers were extracted with aqueous
NaHCO3 solution (2.5%, 20 mL) followed by H2O (20 mL). All aqueous
layers were combined and acidified to pH 1 with HCl (1m). Upon acidifi-
cation, the solution became turbid. It was then extracted eight times with
AcOEt (50 mL). After concentration in vacuo a slightly brownish foam
remained. It was dissolved in AcOEt with heating. The organic layer was
separated from the brown precipitate. After concentration in vacuo the
resulting foam was recrystallized with AcOEt/MeOH/hexanes/Et2O to
yield a tan-colored powder (860 mg; 80%). Rf = 0.5 (MeOH); m.p. 108±
110 8C; [a]20


D
+1.78 (c = 0.2, methanol); 1H NMR (250 MHz,


[D6]DMSO): d = 12.8±12.2 (br s, 1H), 8.49 (d, 1H, J = 4.1 Hz), 7.91±
7.20 (m, 12H), 4.31±4.23 (m, 3H), 4.15±3.95 (m, 1H), 2.74 (d, 2H, J =


5.9 Hz), 1.50±1.81 (m, 4H) ppm; IR (KBr): ñ = 3556, 2959, 2490, 1960,
1697, 1599, 1538, 1449, 1334, 1301, 1235, 1155, 1110, 1082, 1055,
1012 cm�1; elemental analysis calcd (%) for C25H24N2O4¥1.3H2O (440.57):
C 68.26, H 6.09, N 6.37; found: C 68.21, H 5.83, N 6.55.


Compound 21e : yield: 68%; Rf = 0.5 (MeOH); m.p. 89±90 8C; [a]20
D


+


1.58 (c = 0.3, MeOH); 1H NMR (250 MHz, [D6]DMSO): d = 12.53 (br s,
1H), 8.56 (s, 2H), 8.49 (d, J = 2.2 Hz, 1H), 7.91±7.29 (m, 10H), 4.32±
4.20 (3H), 4.15±3.85 (m, 1H), 2.85±2.70 (m, 2H), 1.85±1.61 (m, 4H) ppm;
IR (KBr): ñ = 3320, 3064, 2926, 2863, 2519.4, 1924, 1718, 1691, 1608,
1542, 1476, 1450, 1404, 1372, 1258, 1160, 1050, 9889, 861, 758, 733, 660,
621 cm�1; elemental analysis calcd (%) for C24H23N3O4 (416.17): C 69.05,
H 5.55, N 10.07; found: C 68.84, H 5.76, N 9.82.
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Compound ent-21e : yield: 67%; Rf = 0.5 (MeOH); m.p. 87±90 8C; [a]20
D


�1.48 (c = 0.4, MeOH); NMR and IR spectra are identical with those of
compound 21e ; elemental analysis calcd (%) for C24H23N3O4¥0.5AcOEt
(460.23): C 67.67, H 5.90, N 9.10; found: C 67.60, H 5.86, N 9.35.


Determination of ee : Column: Daicel Chiralcel OJ-R 150î4.6 mm;
eluent: aqueous 0.1% trifluoroacetic acid/acetonitrile 73:27; flow rate
0.5 mLmin�1; detection: UV, 254 nm; Rt ent-21e : 42.19 min, Rt 21e :
47.73 min.


Second procedure for Cbz removal and Fmoc protection : preparation of
compound 21b : The Cbz group of 19b (2.1 g, 4.39 mmol) was removed
by hydrogenolysis with Pd/C (10%, 300 mg) as described above. The re-
maining oil was suspended in H2O (30 mL) and heated at reflux until re-
moval of the auxiliary was complete (24 h). Pseudoephedrine was isolat-
ed by extraction with DCM. Evaporation of the aqueous phase to dry-
ness gave the amino acid 20b. It was used for Fmoc protection without
further purification according to the general procedure with TMS-Cl
(1.04 mL, 8.24 mmol), DIPEA (1.22 mL, 7.13 mmol) and Fmoc-Cl
(451 mg, 4.12 mmol) to yield a colorless foam (906 mg, 50% over three
steps): Rf = 0.5 (MeOH); [a]20


D
+3.48 (c = 0.3, MeOH); 1H NMR


(250 MHz, [D6]DMSO): d = 12.8±12.2 (br s, 1H), 8.48 (dd, J = 7.2/
2.2 Hz, 1H), 7.90 (brd, 2H), 7.76±7.26 (m, 9H), 4.35±4.18 (m, 3H), 4.05±
3.93 (m, 1H), 2.73±2.57 (m, 2H), 1.82±1.52 (m, 4H) ppm; IR (KBr): ñ =


3323, 3063, 2937, 1718, 1534, 1450, 1400, 1332, 1245, 1048, 761, 740 cm�1;
MS (ESI) m/z : 417.1677 [M+H]+ ; C25H25N2O4 calcd 417.1814.


Compound 21c (second procedure): yield 32% (over three steps); Rf =


0.5 (MeOH); m.p. 60±64 8C; [a]20
D


+1.98 (c = 0.3, MeOH); 1H NMR
(250 MHz, [D6]DMSO): d = 12.9±12.2 (br s, 1H), 8.73 (d, 2H, J =


5.1 Hz), 7.92±7.30 (m, 11H), 4.33±4.20 (m, 3H), 4.08±3.93 (m, 1H), 2.92±
2.86 (m, 2H), 1.92±1.57 (m, 4H) ppm; IR (KBr): ñ = 3405, 3039, 2950,
1718, 1561, 1540, 1527, 1450, 1424, 1340, 1247, 1106, 1052, 760, 741 cm�1;
elemental analysis calcd (%) for C24H23N3O4¥1AcOEt (505.56): C 66.52,
H 6.18, N 8.31; found: C 66.57, H 6.12, N 8.46.


Compound 21d (second procedure): yield: 40% (over three steps); Rf =


0.5 (MeOH); m.p. 78±80 8C; [a]20
D


+3.5 8 (c = 0.3, MeOH); 1H NMR
(250 MHz, [D6]DMSO): d = 12.5±12.2 (br s, 1H), 9.05 (s, 1H), 8.68 (s,
2H), 7.93±7.25 (m, 10H), 4.34±4.18 (m, 3H), 4.06±3.92 (m, 1H), 2.68±
2.56 (m, 2H), 1.76±1.57 (m, 4H) ppm; IR (KBr): ñ = 3396, 3040, 2948,
2368, 1718, 1522, 1449, 1410, 1321, 1218, 1052, 760, 740, 646 cm�1; MS
(ESI) m/z = 418.1716 [M+H]+ ; C25H24N2O4 calcd 418.1767.


General procedures for solid-phase peptide synthesis : Attachment of N-
Fmoc-amino acids to Rink amide MBHA resin: After swelling of the
resin (150 mg, theoretical loading 0.78 mmolg�1, 0.19 mmol) twice with
DCM (2 mL) for 20 min, the solvent was changed to DMF. The Fmoc-
protected resin was then treated three times with a solution of piperidine
in DMF (25%) to liberate the amine (15 min/5 min/2 min). Subsequently,
the resin was washed with DMF (five times). For coupling, the Fmoc-pro-
tected amino acid (2 equiv, 0.38 mmol) was dissolved in DMF (2 mL) to-
gether with HOBt (3 equiv) and DIC (3 equiv). This mixture was added
to the resin. After 3 h of gentle agitation, the resin was again washed
with DMF and tested for complete coupling by the Kaiser test.[20] The
Fmoc-amine was liberated by treatment with piperidine in DMF as de-
scribed before. After washing with DMF (5 times) the following Fmoc-
amino acids were coupled in identical fashion.


Cleavage of the resin and protecting groups : After removal of the last
Fmoc group, the resin was washed with DCM and dried in vacuo. The
resin was then treated with TFA (1650 mL), thioanisole (100 mL), H2O
(100 mL), phenol (50 mg) and EDT (50 mL). The resin turned red and
after 5 h of gentle agitation it was filtered off. Upon trituration with
Et2O, the peptide precipitated from the filtrate. The precipitate was sev-
eral times suspended in Et2O and spun down in a centrifuge. After re-
moval of the organic solvent, the pellet was dissolved in H2O, concentrat-
ed by use of a speedvac to eliminate volatile impurities and finally dis-
solved in H2O.


Preparation of compound NH2-d-Arg-l-NaphtOMe-d-Arg-CONH2 (22)
from 13a : yield: 74%; MS (ESI) m/z (%): 571.4 (5) [M+H]+ , 286.1 (100)
[M+2H]+ ; C27H42N10O4 calcd 570.3.


Preparation of compound NH2-d-Arg-l-Quino-d-Arg-CONH2 (23) from
13b : yield: 87%; MS (ESI) m/z (%): 542.5 (9) [M+H]+ , 271.7 (100)
[M+2H]+ ; C25H39N11O3 calcd 541.3.


Preparation of compound NH2-d-Arg-l-Phenan-d-Arg-CONH2 (24)
from 13c : yield: 99%; MS (ESI) m/z (%): 591.5 (4) [M+H]+ , 296.2 (100)
[M+2H]+ ; C30H42N10O3 calcd 590.3.


Preparation of compound NH2-d-Arg-l-Napht-d-Arg-CONH2 (25) from
13d : yield: 94%; MS (ESI) m/z (%): 541.5 (8) [M+H]+ , 271.1 (100)
[M+2H]+ ; C26H40N10O3 calcd 540.3.


Preparation of compound NH2-d-Arg-d-2-Pyridyl-d-Arg-CONH2 (26)
from 21a : yield: 74%; MS (ESI) m/z (%): 506.5 (8) [M+H]+ , 253.7 (100)
[M+2H]+ ; C22H39N11O3 calcd 505.3.


Preparation of compound NH2-d-Arg-d-3-Pyridyl-d-Arg-CONH2 (27)
from 21b : yield: 92%; MS (ESI) m/z (%): 506.5 (10) [M+H]+ , 253.6
(100) [M+2H]+ ; C22H39N11O3 calcd 505.3.


Preparation of compound NH2-d-Arg-d-2-Pyrimidinyl-d-Arg-CONH2


(28) from 21c : yield: 78; MS (ESI) m/z (%): 507.4 (100) [M+H]+ %;
C21H38N12O3 calcd 506.3.


Preparation of compound NH2-d-Arg-d-Pyrazinyl-d-Arg-CONH2 (29)
from 21e : yield: 73%; MS (ESI) m/z (%): 507.4 (3) [M+H]+ , 254.2 (100)
[M+2H]+ ; C21H38N12O3 calcd 506.3.


Preparation of compound NH2-d-Arg-l-Pyrazinyl-d-Arg-CONH2 (30)
from ent-21e : yield: 99%; MS (ESI) m/z (%): 507.3 (8) [M+H]+ , 254.1
(100) [M+2H]+ ; C21H38N12O3 calcd 506.3.
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